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PREFACE 

The XXIISLAC Summer Institute on Particle Physics ventured boldly where no SSI had gone before, 
to the cosmos. Between August 8 and August 19,1994, 215 physicists from nine countries gathered 
to study "Particle Physics, Astrophysics & Cosmology." 

The seven-day school portion of the Institute revolved around the question of dark matter: 
where is it and what is it? We heard reviews of microlensing searches for baryonic dark matter, of 
dark matter candidates in the form of neutrinos and exotic particles, and of low-noise detection 
techniques used to search for the latter. The history of the universe, from the Big Bang to the role of 
dark matter in the formation of large-scale structure, was also covered. Other lecture series described 
the astrophysics that might be done with x-ray timing experiments and through the detection of 
gravitational radiation. 

As in past years, the lectures each morning were followed by stimulating afternoon discussion 
sessions, in which students could pursue with the lecturers the topics that most interested them. The 
Institute concluded with a three-day topical conference covering recent developments in theory and 
experiment. Highlights from the astrophysical and cosmological arenas-included observations of 
anisotropy in the cosmic microwave background, and of the mysterious gamma-ray bursters. From 
terrestrial accelerators came tantalizing hints of the top quark and marked improvements in precision 
electroweak measurements, among many other results. 

We thank all the lecturers for conveying the excitement, as well as the physics, in this field. The 
provocateurs helped to keep the afternoon discussion sessions rolling along. Finally, the Institute and 
these Proceedings would have been impossible without the hard work of Lilian DePorcel and Jennifer 
Chan; we all greatly appreciate their efforts. 

David Burke 
Lance Dixon 
David Leith 
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COSMOLOGY: STANDARD AND 
INFLATIONARY* 

Michael S. Turner 
Deportments of Physics, and Astronomy and Astrophysics 

Enrico Fermi Institute, The University of Chicago, Chicago, IL 606S7-U33 

NASA/Fermilab Astrophysics Center 
Fermi National Accelerator Laboratory, Batavia, IL 60510-0500 

ABSTRACT 

In these lectures, I review the standard hot Big Bang cosmology, emphasiz
ing its successes, its shortcomings, and its major challenges—developing 
a detailed understanding of the formation of structure in the universe 
and identifying the constituents of the ubiquitous dark matter. I then 
discuss the motivations for—and the fundamentals of—inflationary cos
mology, particularly emphasizing the quantum origin of metric (density 
and gravity-wave) perturbations. Inflation addresses the shortcomings of 
the standard cosmology, specifies the nature of the dark matter, and pro
vides the "initial data" for structure formation. I conclude by addressing 
the implications of inflation for structure formation and discussing the dif
ferent versions of cold dark matter. The flood of data—from the heavens 
and from earth—should in the next decade test inflation and discriminate 
between the different cold dark matter models. 

'Supported in part by the DOE (at Chicago and Fermilab) and by NASA through grant NAG 5-2788 
(at Fcrmilab). 

©M. S. Turner 1994 
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1 Hot Big Bang: Successes and Challenges 

1.1 S u c c e s s e s 

The hot Big Bang model, more properly the Friedmann-Robertson-Walker 
(FRW) cosmology or standard cosmology, is spectacularly successful. In 
short, it provides a reliable and tested accounting of the history of the 
universe from about 0.01 sec after the Bang until today, some 15 billion 
years later. The primary pieces of evidence that support the model are: 
(1) the expansion of the universe; (2) the cosmic background radiation 
(CBR); (3) the primordial abundances of the light elements D, 3He, 4He, 
and 7Li (Ref. 1); and (4) the existence of small variations in the tem
perature of the CBR measured in different directions (of order 30 /xK on 
angular scales from 0.5° to 90°). 

1.1.1 The Expansion 

Although the precise value of the Hubble constant is not known to better 
than a factor of two, H0 = lOOh km sec - 1 Mpc - 1 with h = 0.4 — 0.9, there 

-- is little doubtthattheexpansion obeys the "Hubble law" out to redshifts 
approaching unity;2 , 3 see Fig. 1. As is well appreciated, the fundamen
tal difficulty in determining the Hubble constant is the calibration of the 
cosmic-distance scale, as "standard candles" are required.4'5 The detec
tion of Cepheid variable stars in a Virgo Cluster galaxy (M101) with the 
Hubble Space Telescope6 was a giant step toward an accurate determina
tion of Ho, and the issue could well be settled within five years. 

The Hubble law allows one to infer the distance to an object from its 
redshift z: d = zHg1 m 3000* h~l Mpc (for z <£ 1, the galaxy's recessional 
velocity v a zc), and hence, "maps of the universe" constructed from 
galaxy positions and redshifts are referred to as redshift surveys. Ordinary 
galaxies and clusters of galaxies are seen out to redshifts of order unity; 
more unusual and rarer objects, such as radio galaxies and quasars, are 

U.L i i ' i i i i_ 
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Figure 1: Hubble diagram (from Ref. 3). The deviation from a linear relationship 
around 40 Mpc is due to peculiar velocities. 



seen out to redshifts of almost five (the current record holder is a quasar 
with redshift 4.9). Thus, we can probe the universe with visible light to 
within a few billion years of the Big Bang. 

1.1.2 The Cosmic Background Radiation 

The spectrum of the cosmic background radiation (CBR) is consistent 
with that of a black body at temperature 2.73 K over more than three 
decades in wavelength (A ~ 0.03cm— 100cm); see Fig. 2. The most accu
rate measurement of the temperature and spectrum is that by the FIRAS 
instrument on the COBE satellite which determined its temperature to 
be 2.726 ± 0.005 K (Ref. 7). It is difficult to come up with a process 
other than an early hot and dense phase in the history of the universe 
that would lead to such a precise black body.8 According to the standard 
cosmology, the surface of last scattering for the CBR is the universe at 
a redshift of about 1100 and an age of about 180,000 (fi 0fr 2)~ 1 / 2 yn>. It 
is possible that the universe became ionized again after this epoch, or 
due to energy injection, never recombined; in this case, the last-scattering 
surface is even "closer," z^ss ~ 10[nBh/y/n^\-2'3. 

The temperature of the CBR is very uniform across the sky, to bet
ter than a part in 104 on angular scales from arcminutes to 90 degrees; 
see Fig. 3. Three forms of temperature anisotropy—two spatial and one 
temporal—have now been detected: (1) a dipole anisotropy of about a 
part in 103, generally believed to be due to the motion of a galaxy rela
tive to the cosmic rest frame, at a speed of about 620 km sec - 1 (Ref. 9); 
(2) a yearly modulation in the temperature in a given direction on the 
sky of about a part in 104, due to our orbital motion around the sun at 
30 km sec - 1 , see Fig. 4 (Ref. 10); and (3) the temperature anisotropies 
detected by the Differential Microwave Radiometer (DMR) on the Cos
mic Background Explorer (COBE) satellite11 and more than ten other 
experiments.12 
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Figure 2: (a) CBR spectrum as measured by the FIRAS on COBE. (b) Summary of 
other CBR temperature measurements. (Figure courtesy of G. Smoot.) 
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Figure 3: Summary of current measurements of CBR anisotropy in terms of a 
spherical-harmonic decomposition, Cj = (|a ( m | 2>. The rms temperature fluctua
tion measured between two points separated by an angle 6 is roughly given by: 
{6T/T)e * Jl(l + 1)C, with I ~ 200°/^. The curves are the cold dark matter pre
dictions, normalized to the COBE detection, for Hubble constants of 50kms _ 1 Mpc 
(solid) and 35 km s""1 Mpc""1 (broken). (Figure courtesy of M. White.) 

COBE has made the most precise measurement of CBR anisotropy, 
{(&T/T)2}\$ = 1.1 ±0.1 x l O " 5 (the rms temperature fluctuation av
eraged over the entire sky as measured by a beam of width 10°). Other 
ground-based and balloon-borne instruments have now measured CBR 
anisotropy on angular scales from about 0.5° to 30°. The CBR anisotropy 
provides strong evidence for primeval density inhomogeneities of the same 
magnitude which, amplified by gravity, grew into the structures that we 
see today: galaxies, clusters of galaxies, superclusters, voids, walls, and so 
on. Moreover, CBR anisotropy measurements are beginning to map out 
the inhomogeneity on scales from about 100 Mpc to 104Mpc. 
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Figure 4: Yearly modulation of the CBR temperature—the Earth really orbits the 
Sun(!) (from Ref. 10). 



1.1.3 Primordial Nucleosynthesis 

Last, but certainly not least, there is the abundance of the light ele
ments. According to the standard cosmology, when the age of the uni
verse was measured in seconds, the temperatures were of order MeV, and 
the conditions were right for nuclear reactions which ultimately led to 
the synthesis of significant amounts of D, 3He, 4He, and 7Li. The yields 
of primordial nucleosynthesis depend upon the baryon density, quantified 
as the baryon-to-photon ratio »?, and the number of very light (<, MeV) 
particle species, often quantified as the equivalent number of light neu
trino species, Nv. The predictions for the primordial abundances of all 
four light elements agree with their measured abundances provided that 
2.5 x 10" 1 0 & t] £ 6 x 10- 1 0 and Nv £ 3.9; see Fig. 5 (Refs. 13-16). 

Accepting the success of the standard model of nucleosynthesis, our 
precise knowledge of the present temperature of the universe allows us 
to convert t] to a mass density and, by dividing by the critical density 
Pan a 1.88 h? x 10~ 2 9 g cm - 3 , to the fraction of critical density contributed 
by ordinary matter: 

0.009 ;£ QBh2 & 0.022; =s> 0.01 <> SlB 3 0.15; (1) 

this is the most accurate determination of the baryon density. Note, the 
uncertainty in the value of the Hubble constant leads to most of the un
certainty in flfl-

The nucleosynthesis bound to Nv, and more generally to the number 
of light degrees of freedom in thermal equilibrium at the epoch of nu
cleosynthesis, is consistent with precision measurements of the properties 
of the Z° boson, which give Nu = 3.0 ± 0.02; further, the cosmologi-
cal bound predates these accelerator measurements! The nucleosynthesis 
bound provides a stringent limit to the existence of new, light particles 
(even beyond neutrinos), and even provides a bound to the mass of the 
tau neutrino, excluding a long-lived tau-neutrino of mass between 0.5 MeV 
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Figure 5: Predicted light-element abundances including 2a theoretical uncertainties 
(from Ref. 14). The infened primordial abundances and concordance regions are 
indicated. 



and 30 MeV. 1 7 ' 1 8 Primordial nucleosynthesis provides a beautiful illustra
tion of the powers of the heavenly laboratory, though it is outside the focus 
of these lectures. 

The remarkable success of primordial nucleosynthesis gives us confi
dence that the standard cosmology provides an accurate accounting of the 
universe at least as early as 0.01 sec after the Bang, when the temperature 
was about 10 MeV. 

1.1.4 Et Cetera—and the Age Crisis? 

There are additional lines of reasoning and evidence that support the 
standard cosmology.8 I mention two: the age of the universe and structure 
formation. I will discuss the basics of structure formation a bit later; 
for now, it suffices to say that the standard cosmology provides a basic 
framework for understanding the formation of structure—amplification of 
small primeval density inhomogeneities through gravitational instability. 
Here, I focus on the age of the universe. 

The expansion age of the universe—time back to zero size—depends 
upon the present expansion rate, energy content, and equation of state: 
<exP = i(p,p)Hal — 9.8/» -1/(p,p)Gyr. For a matter-dominated universe, 
/ is between 1 and 2/3 (for fio between 0 and 1), so that the expansion 
age is somewhere between 7 Gyr and 20 Gyr. There are other independent 
measures of the age of the universe, e.g., based upon long-lived radioiso
topes, the oldest stars, and the cooling of white dwarfs. These "ages," 
ranging from 13 to 18 Gyr, span the same interval(!).19 This wasn't al
ways the case; as late as the early 1950s, it was believed that the Hubble 
constant was 500 km sec - 1 Mpc"1, implying an expansion age of at most 
2 Gyr—less than the age of the Earth. This discrepancy was an important 
motivation for the steady-state cosmology. 

While there is general agreement between the expansion age and other 
determinations of the age of the universe, some cosmologists are worried 

that cosmology is on the verge of another age crisis.5 Let me explain. 
While Sandage and a few others continue to obtain values for the Hubble 
constant around 50 km s - 1 Mpc - 1 (Ref. 2), a variety of different techniques 
seem to be converging on a value around 80 ± 10 km s" 1 Mpc" 1 (Ref. 5). 
If H0 = 80 km s" 1 Mpc - 1 , then *„,p = 12/(p,p)Gyr, and for fi0 = h 
tex? = 8 Gyr, which is clearly inconsistent with other measures of the age. 
If Ho = 80 kms" 1 Mpc" 1, one is almost forced to consider the radical 
alternative of a cosmological constant. For example, even with fio = 0.2, 
/ 2i 0.85, corresponding to <cxP — 10 Gyr; on the other hand, for a flat 
universe with U\ = 0.7, / a 1 and the expansion age t e x p =s 12 Gyr. As 
I shall discuss later, structure formation provides another motivation for 
a cosmological constant. As mentioned earlier, the detection of Cepheid 
variables in Virgo6 is a giant step toward an accurate determination of 
Ho, and it seems likely that the issue may be settled soon. 

1.2 Basics of the Big Bang Model 

The standard cosmology is based upon the maximally, spatially symmetric 
Robertson-Walker line element 

ds2 = dt2 - R(t)2 \Y^2 + r^d°2 + s i n 2 9 rf^)l' (2) 

where R(t) is the cosmic-scale factor, RcUtv = R^k^f2 is the curvature 
radius, and k/\k\ = —1,0,1 is the curvature signature. All three models 
are without boundary—the positively curved model is finite and "curves" 
back on itself; the negatively curved and flat models are infinite in extent 
(though finite versions of both can be constructed by imposing a periodic 
structure—identifying all points in space with a fundamental cube). The 
Robertson-Walker metric embodies the observed isotropy and homogene
ity of the universe. It is interesting to note that this form of the line 
element was originally introduced for the sake of mathematical simplicity; 



we now know that it is well-justified at early times or today on large scales 
( » lOMpc), at least within our Hubble volume. 

The coordinates, r, 6, and <j>, are referred to as comoving coordinates. 
A particle at rest in these coordinates remains at rest, i.e., constant r, 9, 
and <j>. A freely moving particle eventually comes to rest at these coordi
nates, as its momentum is redshiftcd by the expansion, p oc R~l. Motion 
with respect to the comoving coordinates (or cosmic rest frame) is re
ferred to as peculiar velocity; unless "supported" by the inhomogeneous 
distribution of matter, peculiar velocities decay away as fl_1. Thus the 
measurement of peculiar velocities, which is not easy as it requires inde
pendent measures of both the distance and velocity of an object, can be 
used to probe the distribution of mass in the universe. 

Physical separations (i.e., measured by meter sticks) between freely 
moving particles scale as R(t), or said another way, the physical separation 
between two points, are simply R(t) times the coordinate separation. The 
momenta of freely propagating particles decrease, or "redshift," as R(t)~l, 
and thus the wavelength of a photon stretches as R(t), which is the origin 
of the cosmological redshift. The redshift suffered by a photon emitted 
from a distant galaxy is 1 + z — Ro/R(t); that is, a galaxy whose light 
is redshifted by 1 + z emitted that light when the universe was a factor 
of (1 + z)~l smaller. Thus, when the light from the most distant quasar 
yet seen (z = 4.9) was emitted, the universe was a factor of almost six 
smaller; when CBR photons last scattered, the universe was about 1100 
times smaller. 

1.2.1 Friedmann Equation and the First Law 

The evolution of the cosmic-scale factor is governed by the Friedmann 
equation 

Ti2-fR\2_ 87rGptot A; 
H =(R) 3 W ( 3 ) 

where ptot is the total energy density of the universe, matter, radiation, 
vacuum energy, and so on. A cosmological constant is often written as an 
additional term (= A/3) on the rhs; I will choose to treat it as a constant 
energy density ("vacuum-energy density"), where Pvw = A-fSnG. (My 
convention in this regard is not universal.) The evolution of the energy 
density of the universe is governed by 

d(pR3) = -PdR3, (4) 

which is the First Law of Thermodynamics for a fluid in the expanding 
universe. (In the case that the stress energy of the universe is comprised 
of several, noninteracting components, this relation applies to each sepa
rately; e.g., to the matter and radiation separately today.) For p = p/3, 
ultrarelativistic matter, p oc R~4; for p = 0, very nonrelativistic matter, 
p oc R~3; and for p = —p, vacuum energy, p = const. If the rhs of the 
Friedmann equation is dominated by a fluid with equation of state p = 7p, 
it follows that p oc R-W+i) and R cc t W + A 

We can use the Friedmann equation to relate the curvature of the 
universe to the energy density and expansion rate: 

^ r = ft-i; n - J * . 0) 
« Pcrit 

and the critical density today p c ri t = 3H2/8TTG = 1.88/i2gcm~3 ~ 1.05 x 
10 4 eVcm - 3 . There is a one-to-one correspondence between fi and the 
spatial curvature of the universe: positively curved, flo > 1; negatively 
curved, fio < 1; and flat (Qo = !)• Further, the "fate of the universe" is 
determined by the curvature. Model universes with k < 0 expand forever, 
while those with k > 0 necessarily recollapse. The curvature radius of the 
universe is related to the Hubble radius and Q. by 

_ H~l 

c u t v ~ | n - l | ' / 2 - W 

In physical terms, the curvature radius sets the scale for the size of spatial 
separations where the effects of curved space become "pronounced." And 



in the case of the positively curved model, it is just the radius of the 
three-sphere. 

The energy content of the universe consists of matter and radiation (to
day, photons and neutrinos). Since the photon temperature is accurately 
known, To = 2.73 ± 0.01 K, the fraction of critical density contributed 
by radiation is also accurately known: ftradft2 = 4.18 x 10"5. The matter 
content is another matter. 

1.2.2 A Short Diversion Concerning the Present Mass Density 

The matter density today, i.e., the value of floi is not nearly so well-
known.20 Stars contribute much less than 1% of critical density; based 
upon nucleosynthesis, we can infer that baryons contribute between 1% 
and 15% of critical density. The dynamics of various systems allow as
tronomers to infer their gravitational mass. With their telescopes, they 
measure the amount of light and form a mass-to-light ratio. Multiplying 
this by the measured luminosity density of the universe gives a determina
tion of the mass density. (The critical mass-to-light ratio is 1200ft M©/£ 0.) 

The motions of stars and gas clouds in spiral galaxies indicate that 
most of the mass of spiral galaxies exists in the form of dark (i.e., no 
detectable radiation), extended halos, whose full extent is still not known. 
Many cite the flat rotation curves of spiral galaxies, which indicate that 
the halo density decreases as r~ 2, as the best evidence that most of the 
matter in the universe is dark. Taking the mass-to-light ratio inferred for 
spiral galaxies to be typical of the universe as a whole and remembering 
that the full extent of the dark matter halos is not known, one infers 
fih*io £ 0.03 - 0.1 (Ref. 21). 

The masses of clusters of galaxies have been determined by applying 
the virial theorem to the motions of member galaxies or to the hot gas 
that fills the intracluster medium, and by analyzing (weak) gravitational 
lensing of very distant galaxies by clusters. These mass estimates also 

indicate the presence of large amounts of dark matter; when more than one 
method is applied to the same cluster, the mass estimates are consistent. 
Taking cluster mass-to-light ratios to be typical of the universe as a whole, 
in spite of the fact that only about one in ten galaxies resides in a cluster, 
one infers ftc|u»tcr ~ 0.2 — 0.4. 

Another interesting fact has been learned from x-ray observations of 
clusters—the ratio of baryons in the hot intracluster gas to the total cluster 
mass, Mga./Aftot ~ (0.04 - 0.08)/r 3/ 2 (Ref. 22). Since the gas mass is 
much greater than the mass in the visible galaxies, this ratio provides an 
estimate of the cluster baryon fraction, provided that most of the baryons 
reside in the hot gas or in galaxies, and suggests that the bulk of matter 
in clusters is in a form other than baryons! 

Not one of these methods is wholly satisfactory. Rotation curves of 
spiral galaxies are.still "flat" at the last measured points, indicating that 
the mass is still increasing; likewise, cluster virial mass estimates are in
sensitive,to material that lies beyond the region occupied by the visible 
galaxies—and moreover, only about one galaxy in ten resides in a cluster. 
What one would like is a measurement of the mass of a very big sample 
of the universe, say a cube of 100ft-1 Mpc on a side, which contains tens 
of thousands of galaxies. 

Over the past five years or so, progress has been made toward such 
a measurement. It involves the peculiar motion of our own galaxy, at a 
speed of about 620 km sec"1 in the general direction of Hydra-Centaurus. 
This motion is due to the lumpy distribution of matter in our vicinity. By 
using gravitational-perturbation theory (actually, not much more than 
Newtonian physics) and the distribution of galaxies in our vicinity (as 
determined by the IRAS catalogue of infrared selected galaxies), one can 
infer the average mass density in a very large volume and thereby Qo-

The basic physics behind the method is simple: the net gravitational 
pull on our galaxy depends both upon how inhomogeneous the distribution 



of galaxies is and how much mass is associated with each galaxy; by 
measuring the distribution of galaxies and our peculiar velocity, one can 
infer the "mass per galaxy" and fio. 

The value that has been inferred is big(I)—close to unity—and provides 
a very strong case that Ho is at least 0.3 (Ref. 23). Moreover, the measured 
peculiar velocities of other galaxies in this volume, more than a thousand, 
have been used in a similar manner and indicate a similarly large value 
for fio (Ref. 24). While this technique is very powerful, it does have its 
drawbacks. One has to make simple assumptions about how accurately 
mass is traced by light (the observed galaxies); one has to worry whether 
or not a significant portion of our galaxy's velocity is due to galaxies 
outside the IRAS sample—if so, this would lead to an overestimate of fio; 
and so on. This technique is not only very promising—but provides the 
"correct" answer (in my opinion!). 

The so-called classical kinematic tests—Hubble diagram, angle redshift 
relation, galaxy count-redshift relation—can, in principle, provide a de
termination of fio by determining the deceleration parameter go (Ref. 25). 
However, all these methods require standard candles, rulers, or galaxies, 
and for this reason, have proved inconclusive. However, that has not dis
couraged anyone. There are a number of efforts to determine go using the 
galaxy number-count test, 2 6 and two groups are trying to measure go by 
constructing a Hubble diagram based upon Type la supernovae (out to 
redshifts of 0.5 or more). 

To summarize this aside on the mass density of the universe: 

1. Most of the matter is dark. 

2. Baryons provide between about 1% and 15% of the mass density 
(allowing 0.4 < h < 1; taking h > 0.6, the upper limit decreases to 
6%). 

3. There is a strong case that flo >; 0.3 (peculiar velocities), a convincing 
case that fi0 & 0-2 (cluster masses), and an airtight case that fi0 £ 
0.1 (flat rotation curves of spirals). 

4. Most of the baryons are dark (not in stars). In clusters, the bulk of 
the baryons are in hot gas. 

5. The evidence for nonbaryonic dark matter continues to mount; e.g., 
the.gap between fis and fio and the cluster baryon fraction. 

The current prejudice—and certainly that of this author—is a flat uni
verse (fi0 = 1) with nonbaryonic dark matter, flx ~ 1 S> fifl- However, 
I shall continue to display the fio dependence of important quantities. 

1.2.3 The Early, Radiation-Dominated Universe 

In any case, at present, matter outweighs radiation by a wide margin. 
However, since the energy density in matter decreases as R~ , and that 
in radiation as R~* (the extra factor due to the redshifting of the en
ergy of relativistic particles), at early times the universe was radiation 
dominated—indeed the calculations of primordial nucleosynthesis provide 
excellent evidence for this. Denoting the epoch of matter-radiation equal
ity by subscript "EQ" and using T 0 = 2.73 K, it follows that 

i?EQ = 4.18xlO- s(fi 0/» 2)- 1; r E Q = 5.62(fi0/i2)eV; (7) 

t E q = 4.17 x 10 1 0(fi 0ft 2)- 2sec. (8) 

At early times, the expansion rate and age of the universe were determined 
by the temperature of the universe and the number of relativistic degrees 
of freedom: 

Prad = S . ( T ) ^ , tf*1.67</i/2T2/mw, (9) 

^Rxt1'2, t ~ 2.42 x l O - ^ r 1 / 2 ( r / G e V ) - 2 sec, (10) 
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Figure 6: The total effective number of relativistic degrees of freedom g.(T) in the 
standard model of particle physics as a function of temperature. 

where g.(T) counts the number of ultrarelativistic degrees of freedom 
(« the sum of the internal degrees of freedom of particle species much 
less massive than the temperature) and mpi = G - 1 / 2 = 1.22 x 1019GeV is 
the Planck mass. For example, at the epoch of nucleosynthesis, g, = 10.75 
assuming three, light (<g MeV) neutrino species; taking into account all 
the species in the Standard Model, g. = 106.75 at temperatures much 
greater than 300 GeV; see Fig. 6. 

A quantity of importance related to g. is the entropy density in rela
tivistic particles, 

p + p 2 ^ 3 

S T 459'1 ' 
and the entropy per comoving volume, 

S oc R3s x g.R3!*. 

By a wide margin, most of the entropy in the universe exists in the radi
ation bath. The entropy density is proportional to the number density of 
relativistic particles. At present, the relativistic particle species are the 
photons and neutrinos, and the entropy density is a factor of 7.04 times 
the photon-number density: n 7 = 413 cm" 3 and s = 2905 cm - 3 . 

In thermal equilibrium—which provides a good description of most of 
the history of the universe—the entropy per comoving volume S remains 
constant. This fact is very useful. First, it implies that the temperature 
and scale factor are related by 

TtxgZ^BT1, (11) 

which for g. = const leads to the familiar T on R~l. 
Second, it provides a way of quantifying the net baryon number (or 

any other particle number) per comoving volume: 

NB = R3nB = 2 ^ ^ ( 4 - 7) XlO" 1 1 . (12) 
s 

The baryon number of the universe tells us two things: (1) the entropy 
per particle in the uniyersejs extremely high, about 10 1 0 or so compared 
to about 10~2 in the sun and a few in the core of a newly formed neutron 
star. (2) The asymmetry between matter and antimatter is very small, 
about 10~ 1 0, since at early times quarks and antiquaries were roughly as 
abundant as photons. One of the great successes of particle cosmology is 
baryogenesis, the idea that B, C, and CP violating interactions occurring 
out-of-equilibrium early on allow the universe to develop a net baryon 
number of this magnitude.27 

Finally, the constancy of the entropy per comoving volume allows us 
to characterize the size of comoving volume corresponding to our present 
Hubble volume in a very physical way. By the entropy it contains, 

S c ^ y V s - l O 9 0 . (13) 



1.2.4 The Earliest History 

The standard cosmology is tested back to times as early as about 0.01 sec; 
it is only natural to ask how far back one can sensibly extrapolate. Since 
the fundamental particles of nature are point-like quarks and leptons 
whose interactions are perturbatively weak at energies much greater than 
1 GeV, one can imagine extrapolating as far back as the epoch where 
general relativity becomes suspect, i.e., where quantum gravitational ef
fects are likely to be important: the Planck epoch, t ~ 10 - 4 3 sec, and 
T ~ 10 1 9 GeV. Of course, at present, our firm understanding of the ele
mentary particles and their interactions only extends to energies of the or
der of 100 GeV, which corresponds to a time of the order of 10~ u sec or so. 
We can be relatively certain that at a temperature of 100 MeV—200 MeV 
(t ~ 10 - 5sec), there was a transition (likely a second-order phase tran
sition) from quark/gluon plasma to very hot hadronic matter, and that 
some kind of phase transition associated with the symmetry breakdown 
of the electroweak theory took place at a temperature of the order of 
300GeV(t~10- , l sec) . 

It is interesting to look at the progress that has taken place since 
Weinberg's classic text on cosmology was published in 1972 (Ref. 28); 
at that time, many believed that the universe had a limiting tempera
ture of the order of several hundred MeV, due to the exponentially rising 
number of particle states, and that one could not speculate about earlier 
times. Today, based upon our present knowledge of physics and powerful 
mathematical tools (e.g., gauge theories, grand unified theories, and su-
perstring theory), we are able to make quantitative speculations back to 
the Planck epoch—and even earlier. Of course, these speculations could 
be totally wrong, based upon a false sense of confidence (arrogance?). As I 
shall discuss, inflation is one of these well-defined—and well-motivated— 
speculations about the history of the universe well after the Planck epoch, 
but well before primordial nucleosynthesis. 

1.2.5 The Matter and Curvature-Dominated Epochs 

After the equivalence epoch, the matter density exceeds that of radiation. 
During the matter-dominated epoch, the scale factor grows as t 2 ' 3 and 
the age of the universe is related to redshift by 

t = 2.06 x 10 1 7 (f i 0 /« 2 r , / 2 ( l + z)- 3 / 2 sec. (14) 

If IV < 1. the matter-dominated epoch is followed by a "curvature-
dominated" epoch where the rhs of the Friedmann equation is dominated 
by the \k\/R? term. When the universe is curvature dominated, it is said 
to expand freely, no longer decelerating since the gravitational effect of 
matter has become negligible: R w 0 and Roct. The epoch of curvature 
dominance begins when the matter and curvature terms are equal: 

RCD = r%- —> fio, *CD = n0"' - 2 —»as 1 , (15) 
1 — ilo 

where the limits shown are for fio -+ 0. By way of comparison, in a 
flat universe with a cosmological constant, the universe becomes "vacuum 
dominated" when R = R^c: 

R -( n ° V / 3 ,o ' / 3

 2 - ^ ~ n ° V / 3 i ) i r 1 / 3 

(16) 
For a given value of fioi the transition occurs much more recently, which 
has important implications for structure formation since small density 
perturbations only grow during the matter-dominated era. 

1.2.6 One Last Thing: Horizons 

In spite of the fact that the universe was vanishingly small at early 
times, the rapid expansion precluded causal contact from being established 
throughout. Photons travel on null paths characterized by dr = dt/R(t); 
the physical distance that a photon could have traveled since the Bang 



until time t, the distance to the horizon, is 

= f/(l - n) = nH~xl{\ - n) for R(t) oc t n , n < 1. (17) 

Note, in the standard cosmology the distance to the horizon is finite, and 
up to numerical factors, equal to the age of the universe or the Hubble 
radius, H~l. For this reason, I will use "horizon" and "Hubble radius" 
interchangeably.* 

An important quantity is the entropy within a horizon volume: SHOR ~ 
H~3T3 during the radiation-dominated epoch H ~ T^/rnpi, so that 

S„oa~(f)V (18) 
from this, we conclude that at early times the comoving volume that en
compasses all that we can see today (characterized by an entropy of 1090) 
was comprised of a very large number of causally disconnected regions. 

1.3 Two Challenges: Dark Matter and Structure 

Formation 

These two challenges are not unrelated: a detailed understanding of the 
formation of structure in the universe necessarily requires knowledge of 
the quantity and composition of matter in the universe. 

We have every indication that the universe at early times, say t >C 
300,000yrs, was very homogeneous; however, today inhomogeneity (or 
structure) is ubiquitous: stars (Sp/p ~ 103 0), galaxies (Sp/p ~ 105), clus
ters of galaxies {Sp/p ~ 10 — 103), superclusters, or "clusters of clusters" 
(Sp/p ~ 1), voids (Sp/p ~ —1), great walls, and so on. 

*In inflationary models, the horizon and Hubble radius are not roughly equal as the horizon distance 
grows exponentially relative to the Hubble radius; in fact, at the end of inflation they differ by e", 
where N is the number of e-folds of inflation. However, I will slip and use "horizon" and "Hubble 
radius" interchangeably, though I will always mean Hubble radius. 

- 12 -

For some 25 years, the standard cosmology has provided a general 
framework for understanding this. Once the universe becomes matter 
dominated (around 1000 yrs. after the Bang), primeval density inho-
mogeneities (Sp/p ~ 10~5) are amplified by gravity and grow into the 
structure we see today.2 9 The fact that a fluid of self-gravitating particles 
is unstable to the growth of small inhomogeneities was first pointed out 
by Jeans and is known as the Jeans instability. The existence of these in
homogeneities was confirmed in spectacular fashion by the COBB DMR 
discovery of CBR anisotropy. 

At last, the basic picture has been put on firm ground (whew!). Now 
the challenge is to fill in the details—origin of the density perturbations, 
precise evolution of the structure, and so on. As I shall emphasize, such 
an understanding may well be within reach and offers a window on the 
early universe. 

1.3.1 The General Picture: Gravitational Instability 

Let us begin by expanding the perturbation to the matter density in plane 
waves 

^"-SF/^w-"-. w 
where A = 2n/k is the comoving wavelength of the perturbation and 
AphyS = RX is the physical wavelength. The comoving wavelengths of 
perturbations corresponding to bright galaxies, clusters, and the present 
horizon scale are respectively: about 1 Mpc, 10 Mpc, and 3000/i - 1 Mpc, 
where 1 Mpc a 3.09 x 10 2 4 cm c- 1.56 x 10 3 8 GeV"1. 

The growth of small matter inhomogeneities of wavelengths smaller 
than the Hubble scale (Aphys ;$ i ? - 1 ) is governed by a Newtonian equation: 

Sk + 2HSk + v2

sk%/R2 = 4nGpMSk, (20) 

where t>2 = dp/dpm is the square of the sound speed. Competition 
between the pressure term and the gravity term on the rhs determine 



whether or not pressure can counteract gravity. Perturbations with wave-
numbers larger than the Jeans wavenumbers, kj = 4ITGR2PM/V2, are 
Jeans stable and just oscillate; perturbations with smaller wavenumbers 
are Jeans unstable and can grow. For cold dark matter, v, m 0 and all 
scales are Jeans unstable; even for baryonic matter, after decoupling, kj 
corresponds to a baryon mass of only about lO5iW0. All the scales of 
interest here are Jeans unstable, and we will ignore the pressure term. 

Let us discuss solutions to this equation under different circumstances. 
First, consider the Jeans problem, evolution of perturbations in a static 
fluid, i.e., H = 0. In this case, Jeans unstable perturbations grow ex
ponentially, 6k (x exp(i/r) where r = 1/y/AGnpM- Next, consider the 
growth of Jeans unstable perturbations in a matter-dominated universe, 
i.e., H2 = 8irGpM/3 and R oc t2/3. Because the expansion tends to "pull 
particles away from one another," the growth is only power law, 5u oc t2l3; 
i.e., at the same rate as the scale factor. Finally, consider a radiation-
or curvature-dominated universe, i.e., 87rG/>rad/3 or \k\/R2 much greater 
than 8nGpia/3. In this case, the expansion is so rapid that matter per
turbations grow very slowly, as In R in a radiation-dominated epoch, or 
not at all; £* =const in the curvature-dominated epoch. 

The growth of nonlinear perturbations is another matter; once a per
turbation reaches an overdensity of order unity or larger, it "separates" 
from the expansion—i.e., becomes its own self-gravitating system and 
ceases to expand any further. In the process of virial relaxation, its size 
decreases by a factor of two—density increases by a factor of eight; there
after, its density contrast grows as R3 since the average matter density 
is decreasing as R~3, though smaller scales could become Jeans unstable 
and collapse further to form smaller objects of higher density, stars, etc. 

From this, we learn that structure formation begins when the universe 
becomes matter dominated and ends when it becomes curvature dom
inated (at least the growth of linear perturbations). The total growth 

available for linear perturbations is RCD/REQ - 2.4 x 104 ftjj/i2; since non
linear structures have evolved by the present epoch, we can infer that . 
primeval perturbations of the order (O>M//>A/)EQ ~ 4 X 10~5 (fto^) - 2 are 
required. Note that in a low-density universe, larger initial perturbations 
are necessary as there is less time for growth ("the low fto squeeze"). Fur
ther, in a baryon-dominated universe, things are even more difficult as 
perturbations in the baryons cannot begin to grow until after decoupling 
since matter is tightly coupled to the radiation. (In a flat, low-fio model 
with a cosmological constant, the growth of linear fluctuations continues 
almost until today since z\ ~ flo1/3. and so the total growth factor is 
about 2.4 x 104(n0'»2)- We will return to this model later.) 

1.3.2 CBR Temperature Fluctuations 

The existence of density inhomogeneities has another important conse
quence: fluctuations in the temperature of the CBR of a similar ampli
tude. 3 0 The temperature difference measured between two points sepa
rated by a large angle (> 1°) arises due to a very simple physical effectJ 
The difference in the gravitational potential between the two points on 
the last-scattering surface, which in turn is related to the density per
turbation, determines the temperature anisotropy on the angular scale 
subtended by that length scale, 

( ? ) . = - ( f B ( ^ <»> 
where the scale A ~ 1 0 0 / J - 1 Mpc(0/deg) subtends an angle 0 on the last-
scattering surface. This is known as the Sachs-Wolfe effect.31 

tlarge angles mean those larger than the angle subtended by the horizon-scale at decoupling, 



The quantity (6p/p)nofi,>, is the amplitude with which a density per
turbation crosses inside the horizon, i.e., when RX ~ H~l. Since the fluc
tuation in the gravitational potential 8(j> ~ (R\/H~l)2(6p/p), the horizon-
crossing amplitude is equal to the gravitational potential (or curvature) 
fluctuation. The horizon-crossing amplitude (£/9/P)HOR has several nice 
features: (i) during the matter-dominated era, the potential fluctuation 
on a given scale remains constant, and thus the potential fluctuations at 
decoupling on scales that crossed inside the horizon after matter-radiation 
equality, corresponding to angular scales <, 0.1°, are just given by their 
horizon-crossing amplitude; (ii) because of its relationship to 8<j>, it pro
vides a dimensionless, geometrical measure of the size of the density per
turbation on a given scale and its effect on the CBR; (iii) by specifying 
perturbation amplitudes at horizon crossing, one can effectively avoid dis
cussing the evolution of density perturbations on scales larger than the 
horizon, where a Newtonian analysis does not suffice and where gauge 
subtleties (associated with general relativity) come into play; and finally, 
(iv) the density perturbations generated in inflationary models are char
acterized by (8p/p)noK — const. 

On angular scales smaller than about 1°, two other physical effects lead 
to CBR temperature fluctuations: the motion of the last-scattering surface 
(Doppler) and the intrinsic fluctuations in the local photon temperature. 
These fluctuations are much more difficult to compute and depend on 
microphysics—the ionization history of the universe and the damping of 
perturbations in the photon-baryon fluid due to photon streaming. Not 
only are the Sachs-Wolfe fluctuations simpler to compute, but they accu
rately mirror the primeval fluctuations since at the epoch of decoupling, 
microphysics is restricted to angular scales less than about a degree. 

In sum, on large angular scales, the Sachs-Wolfe effect dominates; on 
the scale of about 1°, the total CBR fluctuation is about twice that due to 
the Sachs-Wolfe effect; on smaller scales, the Doppler and intrinsic fluc

tuations dominate (see Fig. 3). CBR temperature fluctuations on scales 
smaller than about 0.1° are severely reduced by the smearing effect of the 
finite thickness of last-scattering surface. (For a beautiful exposition of 
how CBR anisotropy arises, see Ref. 32). 

Details aside, in the context of the gravitational instability scenario, 
density perturbations of sufficient amplitude to explain the observed struc
ture lead to temperature fluctuations in the CBR of characteristic size, 

^ « i o - 5 ( n 0 A ) - 2 . • (22) 

To be sure, I have brushed over important details, but this equation con
veys a great deal. First, the overall amplitude is set by the inverse of 
the growth factor, which is just the ratio of the radiation energy den
sity to matter density at present. Next, it explains why theoretical cos-
mologists were so relieved when the COBE DMR detected temperature 
fluctuations of this amplitude, and conversely, why one heard offhanded 
remarks before the COBE DMR detection that the standard cosmology 
was in trouble because the CBR temperature was too uniform to allow 
for the observed structure to develop. Finally, it illustrates one of the 
reasons why cosmologists who study structure formation have embraced 
the flat-universe model with such enthusiasm—if we accept the universe 
that meets the eye, flo ~ 0.1 and baryons only, then the simplest models 
of structure formation predict temperature fluctuations of the order of 
10~3, far too large to be consistent with observation. Later, I will men
tion Peebles' what-you-see-is-what-you-get model,33 also known as PIB 
for primeval isocurvature baryon fluctuation, which is still viable because 
the spectrum of perturbations decreases rapidly with scale so that the 
perturbations that give rise to CBR fluctuations are small (which is no 
mean feat). Historically, it was fortunate that one started with a low-
fi0) baryon-dominated universe. The theoretical predictions for the CBR 
fluctuations were sufficiently favorable that experimentalists were stirred 
to try to measure them—and then, slowly, theorists lowered their predic-



tions. Had the theoretical expectations begun at 10" 5, experimentalists 
might have been too discouraged to even try! 

1.3.3 An Initial Data Problem 

With the COBB DMR detection in hand, we can praise the success of 
the gravitational instability scenario; however, the details now remain to 
be filled in. The structure formation problem is now one of initial data, 
namely: 

1. The quantity and composition of matter in the universe, fi0, ftB, and 

"other-

2. The spectrum of initial density perturbations: for the purist, (Sp/p)noR, 
or for the simulator, the Fourier amplitudes at the epoch of matter-
radiation equality. 

In a statistical sense, these initial data provide the "blueprint" for the 
formation of structure. 

The initial data are the challenge and the opportunity. Although 
the gravitational instability picture has been around since the discov
ery of the CBR itself, the lack of specificity in initial data has impeded 
progress. With the advent of the study of the earliest history of the uni
verse, a new door was opened. We now have several well motivated early-
universe blueprints: inflation-produced density perturbations and non-
baryonic dark matter; cosmic-string produced perturbations and nonbary-
onic dark matter; 3 4 texture-produced density perturbations and nonbary-
onic dark matter; 3 5 and one "conventional model," a baryon-dominated 
universe with isocurvature fluctuations*.33 Structure formation provides 
the opportunity to probe the earliest history of the universe. I will focus 

Jlsocurvature baryon-number fluctuations correspond at early times to fluctuations in the local 
baryon number but not the energy density. At late times, when the universe is matter-dominated, 
they become fluctuations in the mass density of a comparable amplitude. 

on the cold dark matter "family of models," which are motivated by in
flation. Already, the flood of data has all but eliminated the conventional 
model; the texture and cosmic-string models face severe problems with 
CBR anisotropy—and who knows, even the cold dark matter models may 
be eliminated. 

2 Inflationary Theory 

2.1 Generalities 

As successful as the Big Bang cosmology is, it suffers from a dilemma 
involving initial data. Extrapolating back, one finds that the universe 
apparently began from a very special state: a slightly inhomogeneous and 
very flat Robertson-Walker spacetime. Collins and Hawking showed that 
the set of initial data that evolve to a spacetime that is as smooth and 
flat as ours is today of measure zero.36 (In the context of simple grand 
unified theories, the hot Big Bang suffers from another serious problem: 
the extreme overproduction of superheavy magnetic monopoles; in fact, 
it was an attempt to solve the monopole problem which led Guth to 
inflation.) 

The cosmological appeal of inflation is its ability to lessen the depen
dence of the present state of the universe upon the initial state. Two 
elements are essential to doing this: (1) accelerated ("superluminal") ex
pansion and the concomitant tremendous growth of the scale factor, and 
(2) massive entropy production.38 Together, these two features allow a 
small, smooth subhorizon-sized patch of the early universe to grow to a 
large enough size and contain enough heat (entropy in excess of 1088) to 
easily encompass our present Hubble volume. Provided that the region 
was originally small compared to the curvature radius of the universe, it 
would appear flat then and today (just as any small portion of the surface 
of a sphere appears flat). 



While there is presently no standard model of inflation—just as there 
is no standard model for physics at these energies (typically 10 1 5 GeV or 
so)—viable models have much in common. They are based upon well-
posed, albeit highly speculative, microphysics involving the classical evo
lution of a scalar field. The superluminal expansion is driven by the 
potential energy ("vacuum energy") that arises when the scalar field is 
displaced from its potential-energy minimum, which results in nearly ex
ponential expansion. Provided the potential is flat, during the time it 
takes for the field to roll to the minimum of its potential, the universe 
undergoes many e-foldings of expansion (more than around 60 or so are 
required to realize the beneficial features of inflation). As the scalar field 
nears the minimum, the vacuum energy has been converted to coherent 
oscillations of the scalar field, which correspond to nonrelativistic scalar-
field particles. The eventual decay of these particles into lighter particles 
and their thermalization results in the "reheating" of the universe and 
accounts for all the heat in the universe today (the entropy production 
event). 

SuperluminaLexpansion_and the tremendous growth of the scale fac
tor (by a factor greater than that since the end of inflation) allow quan
tum fluctuations on very small scales (<, 10~23cm) to be stretched to 
astrophysical scales (> 102 5cm). Quantum fluctuations in the scalar field 
responsible for inflation ultimately lead to an almost scale-invariant spec
trum of density perturbations,39 and quantum fluctuations in the metric 
itself lead to an almost scale-invariant spectrum of gravity-waves.40 Scale 
invariance for density perturbations means scale-independent fluctuations 
in the gravitational potential (equivalently, density perturbations of differ
ent wavelengths cross the horizon with the same amplitude); scale invari
ance for gravity waves means that gravity waves of all wavelengths cross 
the horizon with the same amplitude. Because of subsequent evolution, 
neither the scalar nor the tensor perturbations are scale invariant today. 

2.2 Metaphysical Implications 

Inflation alleviates the "specialness" problem greatly, but does not elim
inate all dependence upon the initial state. 4 1 All open FRW models will 
inflate and become flat; however, many closed FRW models will recollapse 
before they can inflate. If one imagines the most general initial spacetime 
as being comprised of negatively and positively curved FRW (or Bianchi) 
models that are stitched together, the failure of the positively curved re
gions to inflate is of little consequence. Because of exponential expansion 
during inflation, the negatively curved regions will occupy most of the 
space today. Nor does inflation solve the smoothness problem forever; it 
just postpones the problem into the exponentially distant future. We will 
be able to see outside our smooth inflationary patch, and ft will start to 
deviate significantly from unity at a time t ~ <o exp[3(AT — iVmi„)], where 
N is the actual number of e-foldings of inflation and Nm-ln ~ 60 is the 
minimum required to solve the horizon/flatness problems. 

Linde has emphasized that inflation has changed our view of the uni
verse in a very fundamental way.4 2 While cosmologists have long used the 
Copernican^principle to argue that the universe must be smooth because 
of the smoothness of our Hubble volume, in the postinflation view, our 
Hubble volume is smooth because it is a small part of a region that under
went inflation. On the largest scales, the structure of the universe is likely 
to be very rich. Different regions may have undergone different amounts 
of inflation, may have different laws of physics because they evolved into 
different vacuum states (of equivalent energy), and may even have dif
ferent numbers of spatial dimensions. Since it is likely that most of the 
volume of the universe is still undergoing inflation and that inflationary 
patches are being constantly produced (eternal inflation), the age of the 
universe is a meaningless concept and our expansion age merely measures 
the time back to the end of our inflationary event! 



2.3 Models 

In Guth's seminal paper,4 3 he introduced the idea of inflation, sung its 
praises, and showed that the model that he based the idea upon did not 
work! Thanks to very important contributions by Linde44 and Albrecht 
and Steinhardt,45 that was quickly remedied, and today there are many 
viable models of inflation. That, of course, is both good news and bad 
news; it means that there is no standard model of inflation. Again, the 
absence of a standard model of inflation should be viewed in the light of 
our general ignorance about fundamental physics at these energies. 

Many different approaches have been taken in constructing particle-
physics models for inflation. Some have focused on very simple scalar 
potentials, e.g., V(<j>) = \<p or = m2<j>2/2, without regard to connect
ing the model to any underlying theory. 4 6 ' 4 7 Others have proposed more 
complicated models that attempt to make contact with speculations about 
physics at very high energies, e.g., grand unification,48 supersymmetry,49"51 

preonic physics,52 or supergravity.53 Several authors have attempted to 
link inflation with superstring theory5 4 or "generic predictions" of su-
perstring theory such as pseudc-Nambu-Goldstone boson fields.55 While 
the scale of the vacuum energy that drives inflation is typically of order 
(10 1 5GeV) 4, a model of inflation at the electroweak scale, vacuum energy 
as (1 TeV)4, has been proposed.56 There are also models in which there 
are multiple epochs of inflation.57 

In all of the models above, gravity is described by general relativity. 
A qualitatively different approach is to consider inflation in the context 
of alternative theories of gravity. (After all, inflation probably involves 
physics at energy scales not too different from the Planck scale, and the 
effective theory of gravity at these energies could well be very different 
from general relativity; in fact, there are some indications from super-
string theory that gravity in these circumstances might be described by 
a Brans-Dicke like theory.) Perhaps the most successful of these models 

is first-order inflation.58'59 First-order inflation returns to Guth's original 
idea of a strongly first-order phase transition; in the context of general 
relativity, Guth's model failed because the phase transition, if inflation
ary, never completed. In theories where the effective strength of gravity 
evolves, like Brans-Dicke theory, the weakening of gravity during inflation 
allows the transition to complete. In other models based upon nonstan
dard gravitation theory, the scalar field responsible for inflation is itself 
related to the size of additional spatial dimensions, and inflation then 
also explains why our three spatial dimensions are so big, while the other 
spatial dimensions are so small. 

All models of inflation have one feature in common—the scalar field 
responsible for inflation has a very flat potential-energy curve and is very 
weakly coupled. This typically leads to a very small dimensionless num
ber, usually a dimensionless coupling of the order of 10~1 4. Such a small 
number, like other small numbers in physics (e.g., the ratio of the weak 
to Planck scales « 10~ 1 7 or the ratio of the mass of the electron to the 
W/Z boson masses « 10"5), runs counter to one's belief that a truly 
fundamental theory should have no tiny parameters, and cries out for 
an explanation. At the very least, this small number must be stabilized 
against quantum corrections—which it is in all of the previously men
tioned models.§ In some models, the small number in the inflationary 
potential is related to other small numbers in particle physics—for exam
ple, the ratio of the electron mass to the weak scale or the ratio of the 
unification scale to the Planck scale. Explaining the origin of the small 
number that seems to be associated with inflation is both a challenge and 
an opportunity. 

is sometimes stated that inflation is unnatural because of the small coupling of the scalar field 
responsible for inflation; while the small coupling certainly begs explanation, these inflationary 
models are not unnatural in the rigorous technical sense as the small number is stable against 
quantum fluctuations. 



Because of the growing base of observations that bear on inflation, 
another approach to model building is emerging—the use of observations 
to constrain the underlying inflationary potential. I will return to "recon
structing" the inflationary potential from data later. Before going on, I 
want to emphasize that while there are many varieties of inflation, there 
are robust predictions which are crucial to sharply testing inflation. 

2.4 Three Robust Predictions 

Inflation makes three robust • predictions: 

1. Flat universe. Because solving the "horizon" problem (large-scale 
smoothness in spite of small particle horizons at early times) and 
solving the "flatness" problem (maintaining ft very close to unity 
until the present epoch) are linked geometrically,37'38 this is the most 
robust prediction of inflation. Said another way, it is the prediction 
that most inflationists would be least willing to give up. (Even so, 
models of inflation have been constructed where the amount of in-

flation is tuned just to give On less than one today.60) Through the 
Friedmann equation for the scale factor, flat implies that the total 
energy density (matter, radiation, vacuum energy, etc.) is equal to 
the critical density. 

2. Nearly scale-invariant spectrum of Gaussian density pertur
bations. Essentially all inflation models predict a nearly, but not ex
actly, scale-invariant spectrum of Gaussian density perturbations.47 

Described in terms of a power spectrum, P(k) = (|o>|2) = Ah", where 
Si- is the Fourier transform of the primeval density perturbations, and 
the spectral index n ss 1 (the scale-invariant limit is n = 1). The in
flationary prediction is statistical; the 5k are drawn from a Gaussian 

^Because theorists are so clever, it is not possible nor prudent to use the word "immutable." Models 
that violate any or all of these "robust predications" can and have been constructed. 

distribution whose variance is |(5*|2. The overall amplitude A is very 
model dependent. Density perturbations give rise to CBR anisotropy 
as well as seeding structure formation. Requiring that the density 
perturbations are consistent with the observed level of anisotropy of 
the CBR (and large enough to produce the observed structure forma
tion) is the most severe constraint on inflationary models and leads 
to the small, dimensionless number that all inflationary models have. 

3. Nearly scale-invariant spectrum of gravitational waves. These 
gravitational waves have wavelengths from 0(1 km) to the size of the 
present Hubble radius and beyond. Described in terms of a power 

, spectrum for the dimensionless gravity-wave amplitude at early times, 
PT(k) = (\hk\2) = ATknT~3, where the spectral index n r « 0 (the , 
scale-invariant limit is ny = 0). As before, the power spectrum spec
ifies the variance of the Fourier components. Once again, the overall 
amplitude Ax is model dependent (varying as the value of the infla
tionary vacuum energy). Unlike density perturbations, which are re
quired to initiate structure formation, there is no cosmological lower 

bound .to the amplitude of the gravity-wave perturbations. Tensor 
perturbations also give rise to CBR anisotropy; requiring that they 
do not lead to excessive anisotropy implies that the energy density 
that drove inflation must be less than about (10 , 6GeV) 4. This indi
cates that if inflation took place, it did so at an energy well below 
the Planck scale. II 

There are other interesting consequences of inflation that are less 
generic. For example, in models of first-order inflation, in which reheat
ing occurs through the nucleation and collision of vacuum bubbles, there 
is an additional, larger-amplitude but narrow-band spectrum of gravita-

IITO be more precise, the part of inflation that led to perturbations on scales within the present 
horizon involved sub-Planckian energy densities. In some models of inflation, the earliest stages, 
which do not influence scales that we are privy to, involve energies as large as the Planck scale. 



tional waves (flcw^2 ~ 10"6) (Ref. 61). In other models, large-scale 
primeval magnetic fields of interesting size are seeded during inflation.62 

3 Inflation: The Details 

In this section, I discuss how to analyze an inflationary model, given the 
scalar potential. In two sections hence, I will work through a number of 
examples. The focus will be on the metric perturbations—density fluc
tuations 3 9 and gravity waves40—that arise due to quantum fluctuations, 
and the CBR temperature anisotropics that result from them.** Pertur
bations on all astrophysically interesting scales, say 1 Mpc to 104 Mpc, are 
produced during an interval of about eight e-folds around 50 e-folds before 
the end of inflation, when these scales crossed outside the horizon during 
inflation. I will show how the density perturbations and gravity waves 
can be related to three features of the inflationary potential: its value 
V$o, its steepness x$o = (mpiV/V)$o, and the change in its steepness x'50, 
evaluated in the region of the potential where the scalar field was about 
50 e-folds before the end of inflation. In principle, cosmological observa
tions, most importantly CBR anisotropy, can be used to determine the 
characteristics of the density perturbations and gravitational waves, and 
thereby Vso, Xso, and x^. 

All viable models of inflation are of the slow-rollover variety or can be 
recast as such.6 5 In slow-rollover inflation, a scalar field that is initially 
displaced from the minimum of its potential rolls slowly to that minimum, 
and as it does, the cosmic-scale factor grows very rapidly. Once the scalar 
field reaches the minimum of the potential, it oscillates about it, so that 
the large potential energy has been converted into coherent scalar-field 
oscillations, corresponding to a condensate of nonrelativistic scalar parti-

"Isocurvature perturbations can arise due to quantum fluctuations in other massless fields, 
the axion field, if it exists (Ref. 63). 

cles. The eventual decay of these particles into lighter particle states and 
their subsequent thermalization lead to the reheating of the universe to 
a temperature TRH ^ y/Tmpi, where T is the decay width of the scalar 
particle. 6 4 ' 6 5 Here, I will focus on the classical evolution of the inflation 
field during the slow-roll phase and the small quantum fluctuations in the 
inflation field which give rise to density perturbations, and those in the 
metric which give rise to gravity waves. 

To begin, let us assume that the scalar field driving inflation is mini
mally coupled so that its stress-energy tensor takes the canonical form, 

Tf„, = dpfflvij) — £p / i„; (23) 

where the Lagrangian density of the scalar field C = i9 (1^9'*^ — V(<j>). If 
we make the usual assumption that the scalar field 4> is spatially homoge
neous, or at least so over a Hubble radius, the stress-energy tensor takes 
the perfect-fluid form with energy density, p = ^ 2 + V(0), and isotropic 
pressure, p = ^ 2 — V(<p). The classical equations of motion for <j> can be 
obtained from the First Law of Thermodynamics, d(R3p) = —pdR3, or by 
taking the four-divergence of T1"': 

4> + 3HJ> + V'(<t>) = 0; (24) 

the T^ term responsible for reheating has been omitted since we shall 
only be interested in the slow-rollover phase. In addition, there is the 
Friedmann equation, which governs the expansion of the universe, 

where we assume that the contribution of all other forms of energy density, 
e.g., radiation and kinetic energy of the scalar field, and the curvature 
term (k/R2) are negligible. The justification for discussing inflation in 
the context of a flat FRW model with a homogeneous scalar field driving 
inflation were discussed earlier (and at greater length in Ref. 66), including 



the <j) kinetic term increases the right-hand side of Eq. (25) by a factor of 
(1 + i 2/48;r), where x = mp\V'/V, a small correction for viable models. 

In the next section, I will be more precise about the amplitude of den
sity perturbations and gravitational waves; for now, let me briefly discuss 
how these perturbations arise and give their characteristic amplitudes. 
The metric perturbations produced in inflationary models are very nearly 
"scale invariant," a particularly simple spectrum which was first discussed 
by Harrison and Zel'dovich,67 and arise due to quantum fluctuations. In 
de Sitter space, all massless scalar fields experience quantum fluctuations 
of amplitude Hj2n. The graviton is massless and can be described by two 
massless scalar fields, ft+lX = v/167rG<£+,x (+ and x are the two polariza
tion states). The inflation by virtue of its flat potential is for all practical 
purposes massless. 

Fluctuations in the inflation field lead to density fluctuations because 
of its scalar potential, Sp ~ HV; as a given mode crosses outside the 
horizon, the density perturbation on that scale becomes a classical metric 
perturbation. While outside the horizon, the description of the evolution 
of a density perturbation is beset with subtleties, associated with the gauge 
freedom in general relativity; there is, however, a simple gauge-invariant 
quantity, £ oi Sp/(p + p), which remains constant outside the horizon. By 
equating the value of C at postinflation horizon crossing with its value as 
the scale crosses outside the horizon, it follows that (<$/>/P)HOR ~ HV'/j>2 

(note: p + p = <j>2)-

The evolution of a gravity-wave perturbation is even simpler; it obeys 
the massless Klein-Gordon equation 

hi + SHhi + tfhi/tf^O, (26) 

where k is the wavenumber of the mode and i = +, x. For superhorizon-
sized modes, k < RH, the solution is simple: tik = const. Like their den
sity perturbation counterparts, gravity-wave perturbations become classi
cal metric perturbations as they cross outside the horizon; they are charac

terized by an amplitude h^ a VM>TtG(H/2n) ~ H/mpi. At postinflation 
horizon crossing their amplitude is unchanged. 

Finally, let me write the horizon-crossing amplitudes of the scalar and 
tensor metric perturbations in terms of the inflationary potential, 

/ V3'2 \ 
(<WP)HOR,A = cs[—ivi) • (27) 

/ y i / 2 \ 
ftHOR,A = or — - d . (28) 

\mprj i 
where (6p/p)noR,x is the amplitude of the density.perturbation on the 
scale A when it crosses the Hubble radius during the postinflation epoch, 
/*HOR,A is the dimensionless amplitude of the gravitational wave pertur
bation on the scale A when it crosses the Hubble radius, and cs, or are 
numerical constants of order unity, Subscript 1 indicates that the quantity 
involving the scalar potential is to be evaluated when the scale in ques
tion crossed outside the horizon during the inflationary era. The metric 
perturbations produced by inflation are characterized by almost scale-
invariant horizon-crossing amplitudes; the slight deviations from scale in-
yariance result from the variation of V and V during inflation which enter 
through the dependence upon t\. [In Eq. (27), I got ahead of myself and 
used the slow-roll approximation (see below) to rewrite the expression, 
(Sp/p)uoR,x £! HV'/4>, in terms of the potential only.] 

Equations (24)-(27) are the fundamental equations that govern infla
tion and the production of metric perturbations. It proves very useful to 
recast these equations using the scalar field as the independent variable; 
we then express the scalar and tensor perturbations in terms of the value 
of the potential, its steepness, and the rate of change of its steepness when 
the interesting scales crossed outside the Hubble radius during inflation, 
about 50 e-fblds in scale factor before the end of inflation, defined by 

v - v u v r - mptV(M. . _ mpjV'ifa) mnlV'tiso)]2 
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To evaluate these three quantities of 50 e-folds-before the end of in
flation, we must find the value of the scalar field at this time. During 
the inflationary phase, the <j> term is negligible (the motion of <p is friction 
dominated), and Eq. (24) becomes 

this is known as the slow-roll approximation.47 While the slow-roll ap
proximation is almost universally applicable, there are models where the 
slow-roll approximation cannot be used; e.g., a potential where during the 
crucial eight e-folds, the scalar field rolls uphill, "powered" by the velocity 
it had when it hit the incline. 

The conditions that must be satisfied in order that 4> be negligible are: 

\V"\ < 9H2^24nV/mPl

i; (30) 

\x\ = \V'mPi/V\ < VSJfcr'. (31) 

The end of the slow roll occurs when either or both of these inequalities 
are saturated, at a value of (j> denoted by <j>cna. Since H = R/R, or 
Hdt = dlnR, it follows that 

mpp -V'(<p) mpix ' 
Now express the cosmic-scale factor in terms of its value at the end of 
inflation, i?«nd, and the number of e-foldings before the end of inflation, 
N(<P), 

R = exp[-N(<i>)]Rel,d. 

The quantity N((f>) is a time-like variable whose value at the end of infla
tion is zero and whose evolution is governed by 

£ « — • < 3 3 > 
cup mpix v ' 

Using Eq. (33), we can compute the value of the scalar field 50 e-folds 
before the end of inflation (= &o); the values of V50, S501 and x's0 follow 
directly. 

As <f> rolls down its potential during inflation, its energy density de
creases, and so the growth in the scale factor is not exponential. By using 
the fact that the stress-energy of the scalar field takes the perfect-fluid 
form, which can be solved to give the evolution of the cosmic-scale factor. 
Recall, for the equation of state p = 7p, the scale factor grows as R <x P, 
where q = 2/3(1 + 7). Here, 

7 = fcr^2-48*. ( 3 4 ) 
7 \p + V s 2 + 48;r' K ' 

q = 5 + - j r . (35) 

Since the steepness of the potential can change during inflation, 7 is not in 
general constant; the power-law index q is more precisely the logarithmic 
rate of the change of the logarithm of the scale factor, q = d In R/d In t. 

When the steepness parameter is small, corresponding to a very flat 
potential, 7 is close to —1 and the scale factor grows as a very large power 
of time. To solve the horizon problem, the expansion must be "superlu-
minal" (ij > 0), corresponding to q > 1, which requires that x2 < 24?r. 
Since \$f V = x2/48;r, this implies that |^>2/ V(^) < | , justifying neglect 
of the scalar-field kinetic energy in computing the expansion rate for all 
but the steepest potentials. (In fact, there are much stronger constraints; 
the COBE DMR data imply that n >, 0.5, which restricts a:2,, ^ 4?r, 
&yv<±,<mclq>4.) 

Next, let us relate the size of a given scale to when that scale crosses 
outside the Hubble radius during inflation, specified by iVi(A), the number 
of e-folds before the end of inflation. The physical size of a perturbation 
is related to its comoving size, Aphy, = RX; with the usual convention, 
•Rtoday = 1> the comoving size is the physical size today. When the scale 
X crosses outside the Hubble radius, iJjA = Hf1. We then assume that: 
(1) at the end of inflation, the energy density is MA a V[<j>tni); (2) in
flation is followed by a period where the energy density of the universe 
is dominated by coherent scalar-field oscillations which decrease as R~3; 



and (3) when the value of the scale factor is Run, the universe reheats to 
a temperature TRH — VmPi^ a n ^ expands adiabatically thereafter. The 
"matching equation" that relates A and Ni (A) is: 

, _ -Rtoday rr-1 _ •Rtoday RtOi -Rend TJ-1 /qc\ 
•Rl -RRH Rcni Rl 

Adiabatic expansion since reheating implies i?today/#RH — TRH/2.73 K; 
and the decay of the coherent scalar-field oscillations implies {Rim/Rend)3 — 
(M/TmY- ^ w e define q — \a(Read/Ri)/^(tcnd/ti), the mean power-law 
index, it follows that (Rc^/R^Hr1 = e x p ^ f - l ) / ^ - 1 ^ and Eq. (36) 
becomes 

Ni{\) = 3^-j- [48 + lnAM pc + |ln(A</10 1 4GeV) + i ln(r R „/10 1 4 GeV)] 
" (37) 

In the case of perfect reheating, which probably only applies to first-order 
inflation, TRH ^ M. 

The scales of astrophysical interest today range roughly from that of 
galaxy size, A ~ Mpc, to the present Hubble scale, H^1 ~ 104Mpc; 
up to the logarithmic corrections these scales crossed outside the horizon 
between abbut"iVf(A)_~~48 "and JVi(A) ~~56 e-folds" before theTend of in-~ 
flation. That is, the interval of inflation that determines all its observable 
consequences covers only about eight e-folds. 

Except in the case of strict power-law inflation, q varies during in
flation; this means that the (Rend/Ri)Hfl factor in Eq. (36) cannot be 
written in closed form. Taking account of this, the matching equation 
becomes a differential equation 

<"nAM pc _ q(Ni) - 1 

subject to the "boundary condition": 

In A Mpc = -48 - | l n (M/10 u GeV) + |ln(TR„/10 uGeV) 

for JVt = 0, the matching relation for the mode that crossed outside 
the Hubble radius at the end of inflation. Equation (38) allows one to 

obtain the precise expression for when a given scale crossed outside the 
Hubble radius during inflation. To actually solve this equation, one would 
need to supplement it with the expressions dN/d<j> = 8n/mpix and 
q = 16TT/S2. For our purposes, we need only know: (1) The scales of 
astrophysical interest correspond to N\ ~ "50 ±4," where for definiteness 
we will throughout take this to be an equality sign. (2) The expansion of 
Eq. (38) about Ni = 50, 

A A r i ( A ) = ^ Z l ) A l n A M p = , (39) 

which, with the aid of Eq. (33), implies that 

" • - C ^ S 4 * * - (40> 
We are now ready to express the perturbations in terms of VJO, xso, 

and a^0. First, we must solve for the value of <j>, 50 e-folds before the end 
of inflation. To do so, we use Eq. (33), 

N(fc0) = 50 = — 5 / -r?£. (41) 

Next, with the help of Eq. (40), we expand the potential V and its 
steepness x about ^50: 

x ~ Z50 + 3/50(0 ~ <t>sa) = £50 

Of course, these expansions only make sense for potentials that are smooth. 
We note that additional terms in either expansion are 0{aj) (where CCT,S 
are defined below) and beyond the accuracy we are seeking. 

Now, recall the equations for the amplitude of the scalar and tensor 
perturbations, 

(Sp/p)noK,x = c 4 ^ 2 j J i • (44) 

hH0K-x = < * W J 1 ' ( 4 5 ) 



where subscript 1 means that the quantities are to be evaluated where the 
scale A crossed outside the Hubble radius, N\ (A) e-folds before the end of 
inflation. The origin of any deviation from scale invariance is clear. For 
tensor perturbations, it arises due to the variation of the potential; and 
for scalar perturbations, it arises due to the variation of both the potential 
and its steepness. 

Using Eqs. (39)-(44), it is now simple to calculate the power-law 
exponents as and a? that quantify the deviations from scale invariance, 

aT = £ l L _ ^ ~ £ k ( 4 6 ) 

a c = mpix'sp ftp . , 4o mpix'so ( m 

8TT 950-1 ~ 16ff 8TT ' K ' 
where 

1 16JT _ 16TT 
3- " T* o — 0 1 9so = ; + - 5 - - - r r ' ( 4 8) 

\mPI

2J hH0R,x = CT\-^2) AMpC

r. (49) 

(Sp/Phon,, = cs f - ^ V | AMJf. (50) 

The spectral indices a,- are defined as a 5 = [dln(5/t>/p)HOR,A/dln^Mpc]50 
and ay = [dlnftHOR.A/dlnAMpclso. and in general, vary slowly with scale. 
Note too that the deviations from scale invariance, quantified by as and 
or , are of the order of X^Q, mpix'so. In the expressions above, we retained 
only lowest-order terms in 0(a,-). The next-order contributions to the 
spectral indices are 0(aj); those to the amplitudes are 0(a.) and are 
given two sections hence. The justification for truncating the expansion 
at lowest order is that the deviations from scale invariance are expected 
to be small—and are required by astrophysical data to be small. 

As I discuss in more detail two sections hence, the more intuitive 
power-law indices as, or are related to the indices that are usually used 
to describe the power spectra of scalar and tensor perturbations, Ps(k) = 
(\5k\2) = Ak" and PT(k) = (\hk\*) = ATk»T-3, 

nr = _ 2 a r = - | e . (52) 

CBR temperature fluctuations on large-angular scales (0 £ 1°) due to 
metric perturbations arise through the Sachs-Wolfe effect; very roughly, 
the temperature fluctuation on a given angular scale 6 is related to the 
metric fluctuation on the length scale that subtends that angle at last 
scattering, A ~ 100ft-1 Mpc(0/deg), 

( f ) ~ ft) ' <«> 
\ T / e \PJHOR,* 
if) ~ ftHOR,A, (54) 

where the scalar and tensor contributions to the CBR temperature anisotropy 
on a given scale add in quadrature. Let me be more specific about the 
amplitude of the quadrupole CBR anisotropy. For small 05, ay, the con
tributions of each to the quadrupole CBR temperature anisotropy are: 

/ A T A 2 _ 32TT Vs 

\ To JQ-S ~ 45 mpi4xl0 

'50 
,4T? * (55) 

( £ ) ' *0-61^ (56> 
\ i 0 > Q-T ™Pl 

T_(AT/T0)%_T^ 2 

S-(AT/T0)l_s~°-28Xsa' ( 5 7 ) 

where expressions have been evaluated to lowest order in xfo and mpix^-
In terms of the spherical-harmonic expansion of the CBR temperature 
anisotropy, the square of the quadrupole anisotropy is defined to be 
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So what are these quantities precisely? Inflation makes statistical pre
dictions. The underlying density perturbations are Gaussian and the ex
pression for \5k\2 is simply the variance of the Gaussian distribution for 
<$/.. Because the predicted multipole amplitudes 0| m depend linearly upon 
5k and ft*, the distribution of multipole amplitudes is Gaussian, with vari
ance = (|ajm | 2). This underlying variance is comprised of scalar and tensor 
contributions. 

How accurately can one hope to estimate the actual variance of the 
underlying distribution? If one had an ensemble of observers distributed 
throughout the universe who each measured the CBR anisotropy at their 
position, then one could determine the underlying variance to arbitrary 
precision by averaging their |a/m | 2 's (hence, the notation (|a/m | 2) for the 
underlying variance). However, we are privy to but one CBR sky and 
for multipole /, only 21 + 1 multipole amplitudes. Thus, we can only 
estimate the actual variance with finite precision. This is nothing other 
than ordinary sampling variance, but it is often called "cosmic variance." 
The sampling variance of (|a;m|2)—which is the irreducible uncertainty in 
measuring (|a/m|2)—is simply given by 2(|a/m | 2) 2/(2f+l). The distribution 
of the measured value of (|a/m|2)MEAs is just the \ 2 distribution for 21 + 1 
degrees of freedom. 

Before going on, some general remarks.68 The steepness parameter 
X50 must be less than about 24n to ensure superluminal expansion. For 
"steep" potentials, the expansion rate is "slow," i.e., 950 closer to unity; the 
gravity-wave contribution to the quadrupole CBR temperature anisotropy 
becomes comparable to, or greater than, that of density perturbations, and 
both scalar and tensor perturbations exhibit significant deviations from 
scale invariance. For "flat" potentials, i.e., small x 5 0 , the expansion rate 
is "fast," i.e., 950 > 1; the gravity-wave contribution to the quadrupole 
CBR temperature anisotropy is much smaller than that of density per-, 
turbations, and the tensor perturbations are scale invariant. Unless the 

steepness of the potential changes rapidly, i.e., large X^Q, the scalar per
turbations are also scale invariant. 

3.1 Metric Perturbations and CBR Anisotropy 

I was purposefully vague when discussing the amplitudes of the scalar and 
tensor modes, except when specifying their contributions to the quadrupole 
CBR temperature anisotropy; in fact, the spectral indices as and ay, to
gether with the scalar and tensor contributions to the CBR quadrupole, 
serve to provide all the information necessary. Here, I will fill in more 
details about the metric perturbations. 

The scalar and tensor metric perturbations are expanded in harmonic 
functions, in the flat universe predicted by inflation, plane waves, 

M*.«) = pjjs/****(*)<,«-**. (58) 

^f- = P S F / * * * ® ^ ( 5 9 ) 

where h,,v = R~2gllt/ — tff,v, ej,„ is the polarization tensor for the gravity-
wave modes, and » = +, x are the two polarization states. Everything 
of interest can be computed in terms of hk and S^TFOT example, the rms 
mass fluctuation in a sphere of radius r is obtained in terms of the window 
function for a sphere and the power spectrum Ps{k) = (|<5*|2) (see below), 

((5M/M)\ = Jfis fVdkr)]2 Ps{k)dk, (60) 

where ji(x) is the spherical Bessel function of first order. If Ps{k) is 
a power law, it follows roughly that {SM/M)2 ~ fc3|<5*|2, evaluated on 
the scale fc = r - 1 . This is what I meant by ($P/P)HORX- the rms mass 
fluctuation on the scale A when it crossed inside the horizon. Likewise, 
by ^HOR,* I meant the rms strain on the scale A as it crossed inside the 
Hubble radius, (/IHOR,X)2 ~ k3\hi\2. 

In the previous discussions, I have chosen to specify the metric per
turbations for the different Fourier modes when they crossed inside the 



horizon, rather than at a common time. I did so because scale invariance 
is made manifest, as the scale independence of the metric perturbations at 
postinflation horizon crossing. Recall, in the case of scalar perturbations, 
(Sp/p)uoR is, up to a numerical factor, the fluctuation in the Newtonian 
potential, and, by specifying the scalar perturbations at horizon crossing, 
we avoid the discussion of scalar perturbations on superhorizon scales, 
which is beset by the subtleties associated with the gauge noninvariance 
of6k. 

It is, however, necessary to specify the perturbations at a common time 
to carry out most calculations, e.g., an JV-body simulation of structure for
mation or the calculation of CBR anisotropy. To do so, one has to take 
account of the evolution of the perturbations after they enter the horizon. 
After entering the horizon tensor, perturbations behave like gravitons, 
with hk decreasing as R~l and the energy density associated with a given 
mode, pk ~ mpt2kb\hk^lR2, decreasing as R~4. The evolution of scalar 
perturbations is slightly more complicated; modes that enter the horizon 
while the universe is still radiation dominated remain essentially constant 
until the universe becomes matter dominated (growing only logarithmi
cally); modes that enter the horizon after the universe becomes matter 
dominated grow as the scale factor. (The gauge noninvariance of 8k is 
not an important issue for subhorizon size modes. A Newtonian analysis 
suffices, and there is only one growing mode, corresponding to a density 
perturbation.) 

The method for characterizing the scalar perturbations is by now stan
dard. The spectrum of perturbations is specified at the present epoch 
(assuming linear growth for all scales); the spectrum at earlier epochs can 
be obtained by multiplying 6k by i?(t)/flt<xi»y The inflationary metric 
perturbations are Gaussian; thus 5k is a Gaussian, random variable. Its 
statistical expectation value is 

(5kd,) = PS{m27r)H<®(k-q), (61) 

where the power spectrum today is written as 

Ps(Jfc) s AknT(k)2; (62) 

n ss 1 — 2as (= 1 for scale-invariant perturbations), and T(k) is the 
"transfer function" which encodes the information about the posthorizon 
crossing evolution of each mode and depends upon the matter content 
of the universe, e.g., baryons plus cold dark matter, baryons plus hot 
dark matter, baryons plus hot and cold dark matter, and so on. The 
transfer function is defined so that T(k) -> 1 for k -» 0 (long-wavelength 
perturbations); an analytic approximation to the cold dark matter transfer 
function is given by 6 9 

T ( k ) = ln(l + 2.34g)/2.34g 

W [1 + (3.89<?) + (16.1?)2 + (5.469)3 + (6.715)<] l / 4 ' V ' 

where q = k/(Qoh2Mpc~1). Inflationary power spectra for different dark 
matter possibilities are shown in Fig. 7. 

The overall normalization factor is 

, _102to« VSQ [l + ^ r - § ( n - l ) ] { r [ | - l ( n - l ) ] } 2 

A~ 7SH$ mP,*xl0 2-TOP M * 
(64) 

where the O(or,-) correction to A has been included.70 The quantity 
n-p = — 2QT = — S50/87r, n—1 = — 2as = nr+x'5 0/47r, k^ is the comoving 
wavenumber of the scale that crossed outside the horizon 50 e-folds before 
the end of inflation. All the formulas below simplify if this scale corre
sponds to the present horizon scale, specifically, &50 = Ho/2. [Eq. (64) 
can be simplified by expanding T( | + x) = T(3/2)[l + x(2 - 21n2 - 7)], 
valid for \x\ < 1; 7 a 0.577 is Euler's constant.] 

From this expression, it is simple to compute the Sachs-Wolfe con
tribution of scalar perturbations to the CBR temperature anisotropy; on 
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Figure 7: Comparison of the cold dark matter perturbation spectrum with CBR 
anisbtropy measurements (boxes) and the distribution of galaxies today (triangles). 
Wavenumber k is related to length scale, k = 2ir/X; error flags are not shown for 
the galaxy distribution. The curve labeled MDM is hot + cold dark matter ("5eV 
worth of neutrinos); the other two curves are cold dark matter models with Hubble 
constants of 50 km s*"1 Mpc (labeled CDM) and 35 km s - 1 Mpc. (Figure courtesy of 
M. White.) 

angular scales much greater than about 1° (corresponding to multipoles 
J <S 100), it is the dominant contribution. It is useful to expand the CBR 
temperature on the sky in spherical harmonics, 

6^A^Wa,mYlm(e^), (65) 
J 0 l>2,m=-l 

where To = 2.73 K is the CBR temperature today, and the dipole term is 
subtracted out because it cannot be separated from that arising due to 
our motion with respect to the cosmic rest frame. The predicted variance 
due to scalar perturbations is given by 

< M 2 > = t £ l k-2Ps(k)\j,(kro)\2dk; (66) 

^ A2"-W0rl-n r ( i - t 4 n - i ) r ( 3 - n ) 
16 r ( Z - i n + § ) [ r ( 2 - i n ) p ' <° ' ; 

where ro « 2.H5"1 is the comoving distance to the last scattering surface, 
and this expression is for the Sachs-Wolfe contribution from scalar pertur
bations only. For n « 1, the expectation for the square of the quadrupole 
anisotropy is 

(&T\2 _ 5 l « 2 m | 2 _ 32^ y 5 0 „ , !_„ . 
V To JQS 4»r 45 mpcx%a 

(By choosing fc50 = r^x = $Ho, the last factor becomes unity.) 
The ensemble expectation for the multipole amplitudes is often re

ferred to as the angular power spectrum because they encode the full 
information about predicted CBR anisotropy. For example, the rms tem
perature fluctuation on a given angular scale is related to the multipole 
amplitudes 

' ( i f ) ] ~' 2<M 2> «« »K 2007*. (69) 
The procedure for specifying the tensor modes is similar, cf. Refs. 71 

and 72. For the modes that enter the horizon after the universe becomes 
matter dominated, k ^ 0.1ft2 Mpc, which are the only modes that con-



tribute significantly to CBR anisotropy on angular scales greater than a de
gree, 

AIM-«*<*> ( ^ g 2 ) . (70) 

where r = ro(t/t0)1'3 is conformal time. [For the modes that enter the 
horizon during the radiation-dominated era, k > 0.1/i 2Mpc _ 1, the factor 
3ji(kr)/kr is replaced by jo(kr) for the remainder of the radiation era. In 
either case, the factor involving the spherical Bessel function quantifies the 
fact that tensor perturbations remain constant while outside the horizon, 
and after horizon crossing, decrease as i f 1 . ] 

The tensor perturbations too are characterized by a Gaussian, random 
variable, here written as a'(k); the statistical expectation is 

<ftlfc>) = PT(k){2«)°5W(k - q)5ih (71) 

where the power spectrum 

PT(k) = ATknT -3 [3Ji(fcT)-
L * r 

(72) 

A T ~ 3 7 ^ 7 2»r[r(|)]2 *» ' ( 7 3 ) 

where the 0(ai) correction to AT has been included. Note that nx = 
—2ar is zero for scale-invariant perturbations. 

Finally, the contribution of tensor perturbations to the multipole am
plitudes, which arise solely due to the Sachs-Wolfe effect, 3 1 , 7 1 ' 7 2 is given 
by 

where 

<M*> = 36»* j | i i | j ~ t"« AT\F,{k)\'«, (74) 

fcr) 
-*)»]• ( 7 5 ) 

and rD = ro/(l + 2r>) l / 2 ~ ro/35 is the comoving distance to the horizon 
at decoupling (= conformal time at decoupling). Equation (74) is approx
imate in that very short wavelength modes, Axo » 100, that crossed inside 

the horizon before matter-radiation equality have not been properly taken 
into account; to take them into account, the integrand must be multiplied 
by a transfer function, 

T(k) a 1.0 + 1.44(A/*EQ) + 2.54(fc/AEQ)2, (76) 

where &EQ = i/o/(2v /2 — 2)/?EQ >S t n e s c a l e t n a t entered the horizon at 
matter-radiation equality.68 In addition, for / >, 1000, the finite thickness 
of the last-scattering surface must be taken into account. 

The tensor contribution to the quadrupole GBR temperature anisotropy 
for ny not too different from zero is 

( f L - ^ - - > • « > - - • <"> 
where the integrals in the previous expressions have been evaluated nu
merically. 

Both the scalar and tensor contributions to a given multipole are 
dominated by wavenumbers fcro ~ I, For scale-invariant perturbations 
and small I, both the scalar and tensor contributions to (I + §)2(|atm|2) 
are approximately constant. The contribution of scalar perturbations to 
(' + 2) 2(l°'ml 2) begins to decrease for / ~ 150 because the scalar contri
bution to these multipoles is dominated by modes that entered the hori
zon before matter domination (and hence are suppressed by the transfer 
function). The contribution of tensor modes to (/ + 5)2(|ai,„|2) begins to 
decrease for I ~ 30 because the tensor contribution to these multipoles 
is dominated by modes that entered the horizon before decoupling (and 
hence decayed as .ft"1 until decoupling). Figure 8 shows the contribution 
of scalar and tensor perturbations to the CBR anisotropy multipole am
plitudes (and includes both the tensor and scalar transfer functions); the 
expected variance in the CBR multipoles is given by the sum of the scalar 
and tensor contributions. 
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Figure 8: Scalar and tensor contributions to the CBR multipole moments: / (/ + 
1) ( M 2 ) / 6 ( | a 2 m | 2 > for the scalar and 1(1 + |)(|a (m| 2)/5(|a 2m| 2) for the tensor with 
n - 1 = nT = 0, ZDEC = H00, and h = 0.5 (from Ref. 73). (The tensor angular 
power spectrum falls off for / ~ 30.) Scale invariance manifests itself in the constancy 
of the angular power spectra for J ;$ 100. Note, only the Sachs-Wolfe contribution is 
shown; for scalar perturbations, other effects become dominant for / > 100 and the 
spectrum rises to a "Doppler peak" at around / ~ 200, cf. Fig. 3. 

3.2 Worked Examples 

In this section, I apply the formalism developed in the two previous sec
tions to four specific models. So that I can, where appropriate, solve 
numerically for model parameters, I will: (1) assume that the astrophys-
ically interesting scales crossed outside the horizon 50 e-folds before the 
end of inflation, and (2) use the COBE DMR quadrupole measurement, 
{(AT)!)?/2 « 20 ± 2/iK,11-74 to normalize the scalar perturbations; using 
Eq. (55), this implies 

V 5 0 «2.3xlO- u mJ, ,x 2

i o- ( 7 8 ) 

Of course, it is entirely possible that a significant portion of the quadrupole 
anisotropy is due to tensor-mode perturbations, in which case, this nor
malization must be reduced by a factor of (1 +T/S)~l. And, it is straight
forward to change "50" to the number appropriate to a specific model or 
to normalize the perturbations another way. 

Before going on, let us use the COBE DMR quadrupole anisotropy to 
bound the tensor contribution to the quadrupole anisotropy, and thereby, 
the energy density that drives inflation: -

V s o < 7 x W-nmPl\ (79) 

Thus, the upper limit to the tensor contribution to the CBR quadrupole 
implies that the vacuum energy that drives inflation must be much less 
than the Planck energy density, indicating that the final 50 or so e-foldings 
of inflation, which is the relevant part of inflation for us, is not a quantum-
gravitational phenomenon. Of course, inflation could last far longer than 
50 e-foldings, and during the earliest part of inflation, the energy density 
could be Planckian (this is the point of view advocated by Linde in his 
chaotic inflation model4 6). 



3.2.1 Exponential Potentials 

There is a class of models that can be described in terms of an exponential 
potential, 

Vfo) = foexpH9*/m«). (80) 

This type of potential was first invoked in the context of power-law infla
tion 7 5 and has recently received renewed interest in the context of extended 
inflation.76 In the simplest model'of extended or first-order inflation, that 
is based upon the Brans-Dicke-Jordan theory of gravity,76 ft is related to 
the Brans-Dicke parameter:/?2 = 64ff/(2a; + 3). 

For such a potential, the slow-roll conditions are satisfied provided that 
/3 2 < 247T; thus inflation does not end until the potential changes shape, 
or in the case of extended inflation, until the phase transition takes place. 
In either case, we can relate 050 to <t>tnA, 

A W = 50 = - ^ L / * " < , ^ ; =* &o = &«d-50/?/87r. (81) 
TTlpf Jfao —V 

Since 0cnd is in effect arbitrary, the overall normalization of the potential 
is irrelevant. The two other parameters, X50 and x^, are easy to compute: 

zso = -P\ *50 = 0- (82) 

Using the COBE DMR normalization, we can relate V50 and /?: 

V5o = 2 . 3 x l O - u m w

4 / 3 2 . (83) 

Further, we can compute q, as, orr, and T/S: 

q=16n/02; T/S = O.2802; aT = as = l/(q - 1) ~ /?2/16TT. 
(84) 

Note, for the exponential potential, q, ar = <*s are independent of epoch. 
In the case of extended inflation, 05 = a r = 4/(2w + 3); since w must be 
less than about 20 (Ref. 78), this implies significant tilt: as = aT > 0.1. 

3.2.2 Chaotic Inflation 

The simplest chaotic inflation models are based upon potentials of the 
form: 

V(0)=«0 6 ; (85) 

6 = 4 corresponds to Linde's original model of chaotic inflation, and a is 
dimensionless,46 and 6 = 2 is a model based upon a massive scalar field 
and m 2 = 2o (Ref. 79). In these models, 0 is initially displaced from 
0 = 0, and inflation occurs as 0 slowly rolls to the origin. The value of 
<t>e„t is easily found: 0 2„ d = 6(6 - l)mw

2/247r, and 

=> $ 0 /m f >i 2 = 50&/47r + 62/48ir=i50&/47r, (87) 

the value of <feo is a few times the Planck mass. 
For purposes of illustration, consider 6 = 4; 0«„d = mpi/v^ir 2i 

0.4mpj, 0so 2s 4mp;, 0i6 — 3.84mj>j, and 054 ~ 4.16mp/. In order to 
have sufficient inflation, the initial value of 0 must exceed about 4.2mp(; 
inflation ends when <j> w 0.4mp/; and the scales of astrophysical interest 
cross outside the horizon over an interval A0 a 0.3mp/. 

The values of the potential, its steepness, and the change in steepness 
are easily found, 

. . 6 / 5 0 6 \ 4 / 8 [tob , -4n 
V50 = ampi I — I ; 2:50= )]-7Q'> ™PIXSO = -TQ-; V88) 

950 = 200/6; T/S = 0.076; aT n 6/200; a 5 = a r + 0.01. 
(89) 

Unless & is very large, scalar perturbations dominate tensor perturba
tions, 8 0 aj-, ots are very small, and q is very large. Further, when or , as 
become significant, they are equal. Using the COBE DMR normalization, 
we find: 

o = 2.3x 10- n6 1-W 2(4 Jr/50) , ,/ 2 + 1 m P , 4 - \ (90) 



For the two special cases of interest: b = 4, o = 9 X 10~14; and 6 = 2, 
m 2 = 2a = 3 x l 0 - 1 2 m w

2 . 

3.2.3 New Inflation 

These models entail a very flat potential where the scalar field rolls from 
<j> « 0 to the minimum of the potential at (f> = a. The original models 
of slow-rollover inflation81 were based upon potentials of the Coleman-
Weinberg form 

V(4>) = BaV2 + B<t>4 [lntf/a2) - ±] , (91) 

where B is a very small dimensionless coupling constant. Other very flat 
potentials also work (e.g., V = V0 — a<t>* + /3<j>6 [Ref. 47]). As before, we 
first solve for <j>so-

*(&„) = 50 = ^ ^ - ^ - , * t„ = -———, 
(92) 

where the precise value of <j>eai is not relevant, only the fact that it is much 
larger than <feo.-Provided that a <, mpi, both <feo and <j>tni are much less 
than <r; we then find 

/ o., /mn 2 .5xl0 5 | ln(<iya 2 ) | / m w \ 4 , mP,x'S0 ~ -24ff/100; fto ^ ff2 (~^) » J ! 
(94) 

950 5 |ln($ 0/<r 2)| \mPi/ 
(95) 

Provided that <r ^ mw, xso >s very small; this means that g is very large, 
gravity-waves and density perturbations are very nearly scale invariant, 

and T/S is small. Finally, using the COBB DMR normalization, we can 
determine the dimensionless coupling constant B: 

B a* 9 x lO- 1 4 / ! ln($0/<72)| « 4 X 10~ 1 5. (96) 

3.2.4 Natural Inflation 

This model is based upon a potential of the form55 

V(<t>) = A*[l + cosWf)]. (97) 

The flatness of the potential (and requisite small couplings) arise because 
the 4> particle is a pseudo-Nambu-Goldstone boson (/ is the scale of spon
taneous symmetry breaking and A is the scale of explicit symmetry break
ing; in the limit that A -4 0, the <f> particle is a massless Nambu-Goldstone 
boson). It is a simple matter to show that 4>cni is of the order of irf. 

This potential is difficult to analyze in general; however, there are two 
limiting regimes: (i) / » mpt; and (ii) / < mw (Ref. 47). In the first 
regime, the 50 or so relevant e-folds take place close to the minimum of 
the potential, a = irf, and inflation can be analyzed by expanding the 
potential about <j> = a, 

V(tf) * m V / 2 ; (98) 

m 2 = A 4 / / 2 ; T1> = 4>-O. (99) 

In this regime, natural inflation is equivalent to chaotic inflation with 
m 2 = A 4 / / 2 =i 3 x 1 0 - 1 2 m w

a . 
In the second regime, / ;$ m« , inflation takes place when <£ % nf, 

so that we can make the following approximations: V a 2A4 and V = 
—A 4^// 2 . Taking <f>mi ~ ff/» we can solve for N(<j>): 

»r/^ 87r f"SVd<j> 16jrmpi2 , , , , . „„„ , 

from which it is clear that achieving 50 e-folds of inflation places a lower 
bound to / , very roughly / j> mpi/3 (Refe. 47 and 55). 



Now, we can solve for & 0, V50, £50, and x'r,0: 

fa/wf a exp(-50mPI

2/16irf2) <> O(O.l); V50 a 2A4; (101) 

^ \ ^ f i f ^ O(0.1); 4 o . _ ! ( ^ ) 2 . (102) 

Using the COBE DMR normalization, we can relate A to f/mpt: 

A/mp, = 7 x 10- 47^exp(-25m P , 2/16ir/ 2). (103) 

Further, we can solve for T/S, OT, and as: 

J K 0.07 (if J (iff £ O(0.1 ) ; (104) 
1 g5Q / l m w ' ^ A 1 {mPI\2 {<f>so\2 „ . . , 1 f t l r t 

ar-16ff^3TU75-75"J~64lrlT"J VTJ < < 0 , 1 ; ( 1 ° 5 ) 

1 g 5 0 / lmp i a 4 m w

2 \ , . 1 /mpA2, 
a s ~ i«hr i ^ r U7*"F + T5"J ~ IS? IT"j ' ( 1 0 6 ) 

Q*=6H£)2{£)2>>1- (io7) 

Regime (ii) provides the exception to the rule that as w a T and large 
as implies large T/S. For example, taking / = TnPI/2, we find: 

<W/~0-06 ; 150-0.06; x'50 = -2; g 5 0 ~ 104; (108) 

a r ~ 1 0 - 4 ; a 5 ~ 0 . 0 8 ; T/S ~ 10" 3. (109) 

The gravitational-wave perturbations are very nearly scale invariant, while 
the density perturbations deviate significantly from scale invariance. I 
note that regime (ii), i.e., / % mPi, occupies only a tiny fraction of pa
rameter space because / must be greater than about mpi/3 to achieve 
sufficient inflation; further, regime (ii) is "fine tuned" and "unnatural" 
in the sense that the required value of A is exponentially sensitive to the 
value of f/mpi. 

Finally, I note that the results for regime (ii) apply to any inflationary 
model whose Taylor expansion in the inflationary region is similar; e.g., 
V(4>) = -tn2<f>2 + \<t>*, which was originally analyzed in Ref. 47. 

3.2.5 Lessons 

To summarize the general features of our results: In all examples, the 
deviations from scale invariance enhance perturbations on large scales. 
The only potentials that have significant deviations from scale invariance 
are either very steep or have rapidly changing steepness. In the former 
case, both the scalar and tensor perturbations are tilted by a similar 
amount; in the latter case, only the scalar perturbations are tilted. 

For "steep" potentials, the expansion rate is "slow," i.e., 950 close to 
unity, the gravity-wave contribution to the CBR quadrupole anisotropy 
becomes comparable to, or greater than, that of density perturbations, 
and both scalar and tensor perturbations are tilted significantly. For flat 
potentials, i.e., small x 5 0 , the expansion rate is "fast," i.e., 950 ^> 1, the 
gravity-wave contribution to the CBR quadrupole is much smaller than 
that of density perturbations, and unless the steepness of the potential 
changes significantly, large x1^, both spectra are very nearly scale invari
ant; if the steepness of the potential changes rapidly, the spectrum of 
scalar perturbations can be tilted significantly. The models that permit 
significant deviations from scale invariance involve exponential or low-
order polynomial potentials; the former by virtue of their steepness, the 
latter by virtue of the rapid variation of their steepness. Exponential po
tentials are of interest because they arise in extended inflation models; 
potentials with rapidly varying steepness include V(<j>) = —m?<j>2 + \<j>4 or 
A4[l+cos(4>//)]. 

Finally, to illustrate how observational data could be used to determine 
the properties of the inflationary potential and test the consistency of the 
inflationary hypothesis, suppose observations determined the following: 

(AT)Q a l6(iK; T/S = 0.24; n = 0.9. (110) 

That is, suppose the COBE DMR quadrupole anisotropy holds up, a value 
of four-to-one is found for the ratio scalar to tensor contributions to the 



CBR quadrupole, and a spectral index of 0.9 for the scalar perturbations. 
From T/S, we determine the steepness of the potential: xgo — 0.94. From 
the steepness and the quadrupole anisotropy, the value of the potential: 
V5V4 — 2.4 X 10 1 6 GeV. From the spectral index, the change in steepness 
is: £50 £* —0.81/mp/. These data can also be expressed in terms of the 
value of the potential and its first two derivatives: 

V50 = 1.4 x 1 0 - n m P | 4 ; V5'0 = L5 x 1 0 - n r o W

3 ; V& = 1.0 x 1 0 - 1 2 m w

2 . 

(HI) 
Further, they then lead to the prediction: nr = —0.035, which, when 
"measured," can be used as a consistency check for inflation. 

4 Structure Formation: Crucial Test 
of Inflation 

The key to testing inflation is to focus on its robust predictions and their 
implications. Earlier, I discussed the prediction of a flat universe and its 
bold implication that most of the matter in universe exists in the form 
of particle dark matter. Much effort is being directed at determining the 
mean density of the universe and detecting particle dark matter. 

The scale-invariant scalar metric perturbations lead to CBR anisotropy 
on angular scales from less than 1° to 90° and seed the formation of struc
ture in the universe. Together with the nucleosynthesis determination of 
AB and the inflationary prediction of a flat universe, scale-invariant den
sity perturbations lead to a very specific scenario for structure formation; 
it is known as cold dark matter because the bulk of the particle dark mat
ter is comprised of slowly moving particles (e.g., axions or neutralinos)JT82 

A large and rapidly growing number of observations are being brought to 

I'The simpler possibility, that the particle dark matter exists in the form of 30 eV or so neutrinos, 

which is known as hot dark matter, was falsified almost a decade ago. Because neutrinos move 

rapidly, they can diffuse from high density to low density regions damping perturbations on small 

bear in the testing of cold dark matter, making it the centerpiece of efforts 
to test inflation. 

Finally, there are the scale-invariant tensor perturbations. They lead 
to CBR anisotropy on angular scales from a few degrees to 90° and a spec
trum of gravitational waves. The CBR anisotropy arising from the tensor 
perturbations can in principle be separated from that arising from scalar 
perturbations. However, because the sky is finite, sampling variance sets a 
fundamental limit. The tensor contribution to CBR anisotropy can only 
be separated from that of the scalar if T/S is greater than about 0.14 
(Ref. 83). It is also possible that the stochastic background of gravita
tional waves itself can be directly detected, though it appears that the 
LIGO facilities being built will lack the sensitivity, and even space-based 
interferometery (e.g., LISA) is not a sure bet. 8 4 

Before going on to discuss how cold dark matter models are testing 
inflation, I want to emphasize the importance of the tensor perturbations. 
The attractiveness of a flat universe with scale-invariant density pertur
bations was appreciated long before inflation. Verifying these two predic
tions of inflation, while important, will not provide a "smoking gun." The 
tensor perturbations are a unique feature of inflation. Further, they are 
crucial to obtaining information about the scalar potential responsible for 
inflation. 

4.1 Vanilla Cold Dark Matter: Almost, but Not 
Quite? 

Cold dark matter has often been characterized as a "no parameter model" 
for structure formation; that is only true in the broad brush. Cold dark 
matter is characterized by scale-invariant density perturbations and a mat-

scales. In hot dark matter, large, supercluster-size objects must form before galaxies, and thus hot 
dark matter cannot account for the abundance of galaxies, damped Lyman-a clouds, etc., that is 
observed at high redshift. 



ter content that is almost entirely slowly moving particles. To make pre
dictions of the precision needed to match current observations, a more 
specific characterization is essential—precise power-law index of the spec
trum of density perturbations, amplitude of tensor perturbations, Hubble 
constant, baryon density, radiation content of the universe, possible cos-
mological constant, and so on. 

Historically, the "standard" version of cold dark matter, "vanilla cold 
dark matter" if you will, is: (1) fta as 0.05 and ftCDM ~ 0.95, (2) Hubble 
constant of 50kms _ 1 Mpc - 1 , (3) precisely scale-invariant density pertur
bations (n = 1), and (4) no contribution of tensor perturbations to CBR 
anisotropy. Standard cold dark matter has no other significance than as a 
default starting point. Because it became an "industry standard," vanilla 
cold dark matter provides an interesting point of comparison—but that is 
all! 

In cold dark matter models, structure forms hierarchically, with small 
objects forming first which then merge to form larger objects. Galaxies 
form at redshifts of the order of few, and rarer objects like QSOs form from 
higher than average density peaks earlier. In general, cold dark matter 
predicts a universe that is still evolving at recent epochs. iV-body sim
ulations are crucial to bridging the gap between theory and observation, 
and several groups have carried out large numerical studies of vanilla cold 
dark matter. 8 5 

There are a diversity of observations that test cold dark matter; they 
include CBR anisotropy and spectral distortions, redshift surveys, pair-
wise velocities of galaxies, peculiar velocities, redshift space distortions, x-
ray background, QSO absorption line systems, cluster studies of all kinds, 
studies of evolution (clusters, galaxies, and so on), measurements of the 
Hubble constant, and on and on. I will focus on how these measurements 
probe the power spectrum of density perturbations, emphasizing the role 
of CBR-anisotropy measurements and redshift surveys. 

Density perturbations on a (comoving) length scale A give rise to CBR 
anisotropy on an angular scale 0 ~ X/H^1 ~ l^A/lOO/r'Mpc).** CBR 
anisotropy has now been detected by more than ten experiments on an
gular scales from about 0.5° to 90°, thereby probing length scales from 
30/i - 1 Mpc to 104h~l Mpc. The very accurate measurements made by the 
COBE DMR can be used to normalize the cold dark matter spectrum 
(the normalization scale corresponds to about 20°). When this is done, 
the other ten or so measurements are in agreement with the predictions 
of cold dark matter (see Fig. 1). 

The COBE-normalized cold dark matter spectrum can be extrapo
lated to the much smaller scales probed by redshift surveys, from about 
l f t - 1 Mpc to 100ft"1 Mpc. When this is done, there is general agreement. 
However, on closer inspection, the COBE-normalized spectrum seems to 
predict excess power on these scales (about a factor of four in the power 
spectrum; see Fig. 7). This conclusion is supported by other observations, 
e.g., the abundance of rich clusters and the pairwise velocities of galaxies. 
It suggests that cold dark matter has much of the truth, but perhaps not 
all of it , 8 6 and has led to the suggestion that something needs to be added 
to the simplest cold dark matter theory. 

There is another important challenge facing cold dark matter. X-
ray observations of rich clusters are able to determine the ratio of hot gas 
(baryons) to total cluster mass (baryons + CDM) (by a wide margin, most 
of the baryons "seen" in clusters are in the hot gas). To be sure, there 
are assumptions and uncertainties; the data at the moment indicate that 
this ratio is (0.04 - 0.08)ft - 3 / 2 (Ref. 22). If clusters provide a fair sample 
of the universal mix of matter, then this ratio should equal UB/{^B + 
ACDM) - ( ° - 0 0 9 - 0.022)/r 2/(n f l + OCDM). Since clusters are large 
objects, they should provide a pretty fair sample. Taking the numbers 

* *For reference, perturbations on a length scale of about 1 Mpc give rise to galaxies, on about 10 Mpc 
to clusters, on about 30Mpc to large voids, and on about 100Mpc to the great walls. 



at face value, cold dark matter is consistent with the cluster gas fraction 
provided either: UB + ^CDM = 1 and h ~ 0.3 or UB + ficDM ~ 0.3 and 
h ~ 0.7. The cluster baryon problem has yet to be settled and is clearly 
an important test of cold dark matter. 

Finally, before going on to discuss the variants of cold dark matter 
now under consideration, let me add a note of caution. The comparison 
of predictions for structure formation with present-day observations of the 
distribution of galaxies is fraught with difficulties. Theory most accurately 
predicts "where the mass is" (in a statistical sense) and the observations 
determine where the light is. Redshift surveys probe present-day inho-
mogeneity on scales from around one Mpc to a few hundred Mpc, scales 
where the universe is nonlinear (<friGAL/rcGAL ^ 1 on scales <> 8/» -1 Mpc) 
and where astrophysical processes undoubtedly play an important role 
(e.g., star formation determines where and when "mass lights up;" the 
explosive release of energy in supernovae can move matter around and 
influence subsequent star formation, and so on). The distance to a galaxy 
is determined through Hubble's law (d = H^z) by measuring a redshift; 
peculiar velocities induced by the lumpy distribution of matter are sig
nificant and prevent a direct determination of the actual distance. There 
are the intrinsic limitations of the surveys themselves—they are flux, not 
volume, limited (brighter objects are seen to greater distances and vice 
versa) and relatively small (e.g., the CfA slices of the universe survey con
tains only about 104 galaxies and extends to a redshift of about z ~ 0.03). 
Last but not least are the numerical simulations which link theory and 
observation; they are limited in dynamical range (about a factor of 100 in 
length scale) and in microphysics (in the largest simulations, only gravity, 
and in others, only a gross approximation to the effects of hydrodynam
ics/thermodynamics). Perhaps it would be prudent to withhold judgment 
on vanilla cold dark matter for the moment and resist the urge to modify 
it—but that wouldn't be as much fun! 

4.2 The Many Flavors of Cold Dark Matter 

The spectrum of density perturbations today depends not only upon the 
primeval spectrum (and the normalization on large scales provided by 
COBE), but also upon the energy content of the universe. While the 
fluctuations in the gravitational potential were initially (approximately) 
scale invariant, the universe evolved from an early radiation-dominated 
phase to a matter-dominated phase which imposes a characteristic scale on 
the spectrum of density perturbations seen today; that scale is determined 
by the energy content of the universe, &EQ ~ 10 - 1 f tMpc - 1 (fimattcrWS*) 
(<jr. counts the relativistic degrees of freedom, flmatter = fifl + ^CDM)- la 
addition, if some of the nonbaryonic dark matter is neutrinos, they reduce 
power on small scales somewhat through free-streaming (see Fig. 7). With 
this in mind, let me discuss the variants of cold dark matter that have 
been proposed to improve its agreement with observations. 

1. Low Hubble constant + cold dark matter (LHC CDM). 8 7 Re
markably, simply lowering the Hubble constant to around 30kms~ l 

Mpc - 1 solves all the problems of cold dark matter. Recall, the crit
ical density Pa\i~oz~Ho', lowering Ho lowers the matter density and 
has precisely the desired effect. It has two other added benefits: the 
expansion age of the universe is comfortably consistent with the ages 
of the oldest stars, and the baryon fraction is raised to a value that 
is consistent with that measured in x-ray clusters. Needless to say, 
such a small value for the Hubble constant flies in the face of current 
observations;5'6 further, it illustrates that the problems of cold dark 
matter get even worse for the larger values of Ho that are favored by 
recent observations. 

2. Hot + cold dark matter (i/CDM). 8 8 Adding a small amount of 
hot dark matter can suppress density perturbations on small scales; 
adding too much leads back to the longstanding problems of hot dark 



matter. Retaining enough power on very small scales to produce 
damped Lyman-a systems at high redshift limits fl„ to less than 
about 20%, corresponding to about 5 eV worth of neutrinos (i.e., one 
species of mass 5 eV, or two species of mass 2.5 eV, and so on). This 
admixture of hot dark matter rejuvenates cold dark matter provided 
the Hubble constant is not too large, Ho ;S 55kms - 1 Mpc - 1 ; in fact, 
a Hubble constant of closer to 45 km s - 1 Mpc - 1 is preferred. 

3. Cosmological constant + cold dark matter (A.CDM).89 (A 
cosmological constant corresponds to a uniform energy density or 
vacuum energy.) Shifting 50% to 70% of the critical density to a 
cosmological constant lowers the matter density and has the same 
beneficial effect as a low Hubble constant. In fact, a Hubble constant 
as large as 80kms - 1 Mpc - 1 can be accommodated. In addition, the 
cosmological constant allows the age problem to be solved even if 
the Hubble constant is large, addresses the fact that few measure
ments of the mean mass density give a value as large as the critical 
density (most measurements of the mass density are insensitive to a 
uniform component), and allows the baryon fraction of matter to be 
larger, which alleviates the cluster baryon problem. Not everything 
is rosy; cosmologists have invoked a cosmological constant twice be
fore to solve their problems (Einstein to obtain a static universe and 
Bondi, Gold, and Hoyle to solve the earlier age crisis when Ho was 
thought to be 250kms - 1 Mpc _ 1 ) . Further, particle physicists can 
still not explain why the energy of the vacuum is not at least 50 (if 
not 120) orders of magnitude larger than the present critical density 
and expect that when the problem is solved, the answer will be zero. 

4. Extra relativistic particles + cold dark matter (rCDM). 9 0 

Raising the level of radiation has the same beneficial effect as low
ering the matter density. In the standard cosmology, the radiation 
content consists of photons + three (undetected) cosmic seas of neu

trinos (corresponding to g. ci 3.36). While we have no direct deter
mination of the radiation beyond that in the CBR, there are at least 
two problems: What are the additional relativistic particles? Can 
additional radiation be added without upsetting the successful pre
dictions of primordial nucleosynthesis which depend critically upon 
the energy density of relativistic particles? The simplest way around 
these problems is an unstable tau neutrino (mass anywhere between 
a few keV and a few MeV) whose decays produce the radiation. This 
fix can tolerate a larger Hubble constant, though at the expense of 
more radiation. 

5. Tilted cold dark matter (TCDM). 9 1 While the spectrum of den
sity perturbations in most models of inflation is very nearly scale 
invariant, there are models where the deviations are significant (n « 
0.8) which leads to smaller fluctuations on small scales. Further, if 
gravity waves account for a significant part of the CBR anisotropy, 
the level of density perturbations can be lowered even more. A com
bination of tilt and gravity waves can solve the problem of too much 
power on small scales but seems to lead to too little power on inter
mediate and very small scales. 

These possibilities represent different approaches to improving the con
cordance of CDM. They also represent well-motivated modifications to the 
standard cosmology in their own right. It has always been appreciated 
that the inflationary spectrum of density perturbations was not exactly 
scale invariant47 and that the Hubble constant was unlikely to be exactly 
50kms _ 1 Mpc. Neutrinos exist; they are expected to have mass; there is 
even some experimental data that indicates they do have mass.9 2 If the 
Hubble constant is as large as 70kms - 1 Mpc - 1 to 80kms - 1 Mpc - 1 , a cos
mological constant seems inescapable based upon the age of the universe 
alone. There is no data that precludes more radiation than in the standard 
cosmology. In fact, these modifications to vanilla cold dark matter are so 



well-motivated that one should probably also consider combinations; e.g., 
lesser tilt and h = 0.45 and so on. 9 3 

In evaluating these better fit models, one should keep the words of 
Francis Crick in mind (loosely paraphrased): A model that fits all the 
data at a given time is necessarily wrong, because at any given time, 
not all the data are correct(l). ACDM provides an interesting/confusing 
example. When I discussed it in 1990,1 called it the best-fit universe, and 
quoting Crick, I said that ACDM was certain to fall by the wayside.94 In 
1995, it is still the best-fit model.95 

4.3 Reconstruction 

If inflation and the cold dark matter theory is shown to be correct, then a 
window to the very early universe (t ~ 10~34sec) will have been opened. 
While it is certainly premature to jump to this conclusion, I would like 
to illustrate one example of what one could hope to learn. As mentioned 
earlier, the spectra and amplitudes of the the tensor and scalar metric 
perturbations predicted by inflation depend upon the underlying model, 
to be specific, the shape of-the-inflationary scalar-field potential. If one 
can measure the power-law index of the scalar spectrum and the ampli
tudes of the scalar and tensor spectra, one can recover the value of the 
potential and its first two derivatives around the point on the potential 
where inflation took place:96 

V = 1.65rm P | 4, (112) 

V = ±J*E.V/mn, (113) 
V" = 4:r [(n - 1) + | r ] V/m??, (114) 

where r s T/S, a prime indicates derivative with respect to <j>, mpi = 
1.22 x 10 1 9 GeV is the Planck energy, and the sign of V is indeterminate. 
In addition, if the tensor spectral index can be measured, a consistency 

relation, nr — — r/7, can be used to further test inflation. Reconstruction 
of the inflationary scalar potential would shed light both on inflation as 
well as physics at energies of the order of 10 1 5 GeV. (If A jt 0, these 
expressions are modified.97) 

5 The Future 

The stakes for cosmology are high: if correct, inflation/cold dark matter 
represents a major extension of the Big Bang and our understanding of 
the universe. Further, it will shed light on the fundamental physics at 
energies of order 10 1 5 GeV. 

What are the crucial tests and when will they be carried out? Be
cause of the many measurements/observations that can have significant 
impact, I believe the answer to when is sooner rather than later. The 
list of pivotal observations is long: CBR anisotropy, large redshift sur
veys (e.g., the Sloan Digital Sky Survey will have 106 redshifts), direct 
searches for nonbaryonic dark matter in our neighborhood (both for axions 
and neutralinos) and baryonic dark matter (microlensing), x-ray studies 
of galaxy clusters, the use of back-lit gas clouds (quasar absorption line 
systems) to study the universe at high redshift, evolution (as revealed 
by deep images of the sky taken by the Hubble Space Telescope and the 
Keck 10-m telescope), measurements of both Ho and <fo, mapping of the 
peculiar velocity field at large redshifts through the Sunyaev-Zel'dovich 
effect, dynamical estimates of the mass density (using weak gravitational 
lensing, large-scale velocity fields, and so on), age determinations, gravita
tional lensing, searches for supersymmetric particles (at accelerators) and 
neutrino oscillations (at accelerators, solar-neutrino detectors, and other 
large underground detectors), searches for high-energy neutrinos from neu-
tralino annihilations in the sun using large underground detectors, and on 



and on. Let me end by illustrating the interesting consequences of sev
eral possible measurements. 

A definitive determination that Hg is greater than 55 km s - 1 Mpc - 1 

would falsify all CDM models except that with a cosmological constant 
and would certainly give particle theorists something to think about. (A 
definitive determination that Ho is 75 km s - 1 Mpc" 1 or larger would neces
sitate a cosmological constant based upon the age of the universe alone, 
though it should be noted that none of the CDM models consistent with 
large-scale structure have an age problem.) A flat universe with a cosmo
logical constant has a very different deceleration parameter than one dom
inated by matter, go = —1.511A+0.5 ~ —(0.4—0.7) compared to go — 0-5, 
and this could be settled by galaxy-number counts, quasar-lensing statis
tics, or a Hubble diagram based upon "type la supernovae. The predicted 
CBR anisotropy on the 0.5° scale in T C D M and LHC CDM is about 50% 
larger than vanilla CDM and about 50% smaller in TCDM, which should 
be easily discernible. If neutrino-oscillation experiments were to provide 
evidence for a neutrino of mass 5 eV (or two of mass 2.5 eV), i/CDM would 
seem almost inescapable.92 

More CBR measurements are in progress, and there should be many 
interesting results in the next few years. In the wake of the success of 
COBE, there are proposals, both in the U.S. and Europe, for a satellite-
borne instrument to map the CBR sky with a factor of 30 or more better 
resolution. A map of the CBR with 0.3° resolution could separate the 
gravity-wave contribution to CBR anisotropy and provide evidence for the 
third robust prediction of inflation, as well as determining other important 
parameters,9 8 e.g., the scalar and tensor indices, Q&, and even flo (the 
position of the "Doppler" peak scales as ^/Ua degrees99). 

The future in cosmology is very bright. We have a highly successful 
standard model—the hot Big Bang; bold ideas for extending it—inflation 
and cold dark matter; and a flood of data to test these ideas. 
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ABSTRACT 

These lectures review current efforts and plans for gravitational-wave 
detection, the gravitational-wave sources that might be detected, and 
the information that the detectors might extract from the observed 
waves. Special attention is paid to (1) the LIGO/VIRGO network 
of earth-based, kilometer-scale laser interferometers, which is now un
der construction and will operate in the high-frequency band (1 to 
104 Hz), and (2) a proposed five-million-kilometer-long Laser Interfer
ometer Space Antenna (LISA), which would fly in heliocentric orbit 
and operate in the low-frequency band (10~4 to 1 Hz). LISA would 
extend the LIGO/VIRGO studies of stellar-mass (A/ ~ 2 to 300 M0) 
black holes into the domain of the massive black holes (M ~ 1000 to 
108 MQ) that inhabit galactic nuclei and quasars. 
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1 Introduction 
According to general relativity theory, compact concentrations of energy (e.g., 
neutron stars and black holes) should warp spacetime strongly, and whenever such 
an energy concentration changes shape, it should create a dynamically changing 
spacetime warpage that propagates out through the universe at the speed of light. 
This propagating warpage is called a gravitational wave—a name that arises from 
general relativity's description of gravity as a consequence of spacetime warpage. 

Although gravitational waves have not yet been detected directly, their indirect 
influence has been seen and measured with such remarkable accuracy that their 
reality has been blessed even by the Nobel Prize Committee (that bastion of 
conservatism which explicitly denied Einstein the Prize for his relativity theories1). 

The 1993 Prize was awarded to Russell Hulse and Joseph Taylor for their 
discovery of the binary pulsar PSR1913+16 (Ref. 2) and for Taylor's observational 
demonstration (with colleagues)3 that the binary's two neutron stars are spiraling 
together at just the rate predicted by general relativity's theory of gravitational 
radiation reaction. From the observed orbit, one can compute the rate at which 
orbital energy should be emitted into gravitational radiation, and from this rate 
of energy loss, one can compute the rate of orbital inspiral. The computed and 
observed inspiral rates agree to within the experimental accuracy, better than 1%. 

Although this is a great triumph for Einstein, it is not a firm proof that 
general relativity is correct in all respects. Other relativistic theories of gravity 
(theories compatible with special relativity) predict the existence of gravitational 
waves; and some other theories predict the same inspiral rate for PSR 1913+16 
as general relativity, to within the experimental accuracy.4'5 Nevertheless, the 
experimental evidence for general relativity is so strong4 that I shall assume it to 
be correct throughout this lecture except for occasional side remarks. 

There are a number of efforts, worldwide, to detect gravitational radiation. 
These efforts are driven in part by the desire to "see gravitational waves in the 
flesh," but more importantly, by the goal of using the waves as a probe of the 
universe and of the nature of gravity. And a powerful probe they should be, since 
they carry detailed information about gravity and their sources. 

There is an enormous difference between gravitational waves and the electro
magnetic waves on which our present knowledge of the universe is based: 

• Electromagnetic waves are oscillations of the electromagnetic field that prop
agate through spacetime; gravitational waves are oscillations of the "fabric" 
of spacetime itself. 

• Astronomical electromagnetic waves are almost always incoherent superpo
sitions of emission from individual electrons, atoms, or molecules. Cosmic 
gravitational waves are produced by coherent, bulk motions of huge amounts 
of mass-energy—either material mass or the energy of vibrating, nonlinear 
spacetime curvature. 

• Since the wavelengths of electromagnetic waves are small compared to their 
sources (gas clouds, stellar atmospheres, accretion disks, etc.), from the waves 
we can make pictures of the sources. The wavelengths of cosmic gravitational 
waves are comparable to or larger than their coherent, bulk-moving sources, 
so we cannot make pictures from them. Instead, the gravitational waves 
are like sound; they carry, in two independent waveforms, a stereophonic, 
symphony-like description of their sources. 

• Electromagnetic waves are easily absorbed, scattered, and dispersed by mat-
ter. Gravitational waves travel nearly unscathed through all forms and 
amounts of intervening matter. 6 , 7 

e Astronomical electromagnetic waves have frequencies that begin at / ~ 107Hz 
and extend on upward by roughly 20 orders of magnitude. Astronomical 
gravitational waves should begin at ~ 104 Hz (1000-fold lower than the 
lowest-frequency astronomical electromagnetic waves) and should extend on 
downward from there by roughly 20 orders of magnitude. 

These enormous differences make it likely that: 

• The information brought to us by gravitational waves will be very different 
from (almost "orthogonal to") that carried by electromagnetic waves; gravi-

- tational waves will show us details of the bulk motion of dense concentrations 
of energy, whereas electromagnetic waves show us the thermodynamic state 
of optically thin concentrations of matter. 

• Most (but not all) gravitational-wave sources that our instruments detect 
will not be seen electromagnetically, and conversely, most objects observed 



electromagnetically will never be seen gravitationally. Typical electromag
netic sources are stellar atmospheres, accretion disks, and clouds of inter
stellar gas—none of which emit significant gravitational waves, while typical 
gravitational-wave sources are the cores of supernova (which are hidden from 
electromagnetic view by dense layers of surrounding stellar gas), and colliding 
black holes (which emit no electromagnetic waves at all). 

• Gravitational waves may bring us great surprises. In the past, when a radi
cally new window has been opened onto the universe, the resulting surprises 
have had a profound, indeed revolutionary, impact. For example, the ra
dio universe, as discovered in the 1940s, '50s, and '60s, turned out to be 
far more violent than the optical universe; radio waves brought us quasars, 
pulsars, and the cosmic microwave radiation, and with them, our first direct 
observational evidence for black holes, neutron stars, and the heat of the Big 
Bang.8 It is reasonable to hope that gravitational waves will bring a similar 
"revolution." 

In this lecture, I shall review the present status of attempts to detect grav
itational radiation and plans for the future, and I shall describe some examples 
of information that we expect to garner from the observed waves. I shall begin, 
in Sec. 2, with an overview of all the frequency bands in which astrophysical 
gravitational waves are expected to be strong, the expected sources in each band, 
and the detection techniques being used in each. Then in subsequent sections, I 
shall focus on (1) the "high frequency band" which is populated by waves from 
stellar mass black holes and neutron stars, and is being probed by the ground-
based instruments of laser interferometers and resonant-mass antennas (Sees. 3, 
4, 5, and 6), and (2) the "low-frequency band" which is populated by waves from 
supermassive black holes and binary stars, and is probed by the space-based in
struments of radio and optical tracking of spacecraft (Sees. 7 and 8). Finally, in 
Sec. 9, I shall describe the stochastic background of gravitational waves that is 
thought to have been produced by various processes in the early universe, and 
prospects for detecting it in the various frequency bands. 

2 Frequency Bands, Sources, and Detection 
Methods 

Four gravitational-wave frequency bands are being explored experimentally: the 
high-frequency band (HF; / ~ 104 to 1 Hz), the low-frequency band (LF; / ~ 1 
to 1 0 - 4 Hz), the very-low frequency band (VLF; / ~ 1 0 - 7 to 10 - 9 Hz), and the 
extremely-low-frequency band (ELF; / ~ 1 0 _ I S to 10~ 1 8 Hz). 

2.1 High-Frequency Band, 1 to 10 4 Hz 
A gravitational-wave source of mass M cannot be much smaller than its gravita
tional radius, 2 GM/c2,. and cannot emit strongly at periods much smaller than 
the light-travel time 4 nGM/c? around this gravitational radius. Correspondingly, 
the frequencies at which it emits are 

/ £ , Li, •. ~ 10" H'hrr . (1) 
' 4 TtGM/t? M ' v / 

where M© is the mass of the Sun, and G and c are Newton's gravitation constant 
and the speed of light. To achieve a size of the same order as its gravitational 
radius and thereby emit near this maximum frequency, an object presumably must 
be heavier than the Chandrasekhar limit, about the mass of the sun, MQ. Thus, 
the highest frequency expected for strong gravitational W3.VCS IS / m a x ^ 

104 Hz. 
This defines the upper edge of the high-frequency gravitational-wave band. 

The high-frequency band is the domain of the Earth-based gravitational-wave 
detectors of laser interferometers and resonant mass antennas. At frequencies be
low about 1 Hz, Earth-based detectors face nearly insurmountable noise (1) from 
fluctuating Newtonian gravity gradients (due, e.g., to the gravitational pulls of 
inhomogeneities in the Earth's atmosphere which move overhead with the wind), 
and (2) from Earth vibrations (which are extremely difficult to filter out mechani
cally below ~ 1 Hz). This defines the 1 Hz lower edge of the high-frequency band; 
to detect waves below this frequency, one must fly one's detectors in space. 

A number of interesting gravitational-wave sources fall in the high-frequency 
band: the stellar collapse to a neutron star or black hole in our galaxy and distant 
galaxies, which sometimes triggers supernova; the rotation and vibration of neu
tron stars (pulsars) in our galaxy; the coalescence of neutron-star and stellar-mass 
black-hole binaries (M ^ 1000 MQ) in distant galaxies; and possibly such sources 



of stochastic background as vibrating loops of cosmic string, phase transitions in 
the early universe, and the Big Bang in which the universe was born. 

I shall discuss the high-frequency band in detail in Sees. 3-6. 

2.2 Low-Frequency Band, 10" 4 to 1 Hz 

The low-frequency band, 10~4 to 1 Hz, is the domain of detectors flown in space 
(in Earth orbit or in interplanetary orbit). The most important of these are 
the Doppler tracking of spacecraft via microwave signals sent from Earth to the 
spacecraft and there transponded back to Earth (a technique that NASA has 
pursued since the early 1970s), and optical tracking of spacecraft by each other 
(laser interferometry in space, a technique now under development for possible 
flight in ~ 2014 or sooner). 

The 1 Hz upper edge of the low-frequency band is defined by the gravity-
gradient and seismic cutoffs on Earth-based instruments; the ~ 10~4 Hz lower 
edge is defined by expected severe difficulties at lower frequencies in isolating 
spacecraft from the buffeting forces of fluctuating solar radiation pressure, solar 
wind, and cosmic rays. 

The low-frequency band should be populated by waves from short-period 
binary stars in our own galaxy (main-sequence binaries, cataclysmic variables, 
white-dwarf binariesj neutron-star binaries, etc.); from^white dwarfs, neutron 
stars, and small black holes spiraling into massive black holes (Af ~ 3 X 105 

to 3 x 107 MQ) in distant galaxies; and from the inspiral and coalescence of super-
massive black-hole binaries (M ~ 100 to 108'MQ). The upper limit, ~ 108 MQ, on 
the masses of black holes that can emit in the low-frequency band is set by Eq. (1) 
with / £ 10~4 Hz. There should also be a low-frequency stochastic background 
from such early-universe processes as vibrating cosmic strings, phase transitions, 
and the Big Bang itself. 

I shall discuss the low-frequency band in detail in Sees. 7 and 8. 

2.3 Very-Low-Frequency Band, 1 0 - 7 to 1 0 - 9 Hz 

Joseph Taylor and others have achieved a remarkable gravity-wave sensitivity in 
the very-low-frequency band (VLF) by the timing of millisecond pulsars. When a 
gravitational wave passes over the Earth, it perturbs our rate of flow of time and 
thence the ticking rates of our clocks relative to clocks outside the wave. Such 

perturbations will show up as apparent fluctuations in the times of arrival of the 
pulsar's pulses. If no fluctuations are seen at some level, we can be rather sure 
that neither Earth nor the pulsar is being bathed by gravitational waves of the 
corresponding strength. If fluctuations with the same time evolution are seen 
simultaneously in the timing of several different pulsars, then the cause could well 
be gravitational waves bathing the Earth. 

By averaging the pulses' times of arrival over long periods of time (months to 
tens of years), a very high timing precision can be achieved, and correspondingly, 
tight limits can be placed on the waves bathing the Earth or the pulsar. The 
upper edge of the VLF band, ~ 10" 7 Hz, is set by the averaging time of a few 
months needed to build up high accuracy; the lower edge, ~ 1 0 - 9 Hz, is set by 
the time of ~ 20 years, since very steady millisecond pulsars were first discovered. 

As we shall see in Sec. 3.2, strong gravitational-wave sources are generally 
compact, not much larger than their own gravitational radii. The only compact 
bodies that can radiate in the VLF band or below, i.e., at / ^ 1 0 - 7 Hz, are those 
with M £ 1 0 u MQ [cf. Eq. (1)]. Conventional astronomical wisdom suggests 
that compact bodies this massive do not exist, and that therefore, the only strong 
waves in the VLF band and below are a stochastic background produced by the 
same early-universe processes as might radiate at low and high frequencies: cosmic 
strings, phase transitions, and the Big Bang. 

"" Of course, conventional wisdom could be wrong. Nevertheless, it is conven
tional to quote measurement accuracies in the VLF band and below in the lan
guage of a stochastic background: the fraction Qg(f) of the energy required to 
close the universe that lies in a bandwidth A / = / centered on frequency / . 
The current 95%-confidence limit on O s from pulsar timing in the VLF band is 
fis(4 x 10~9 Hz) < 6 x l O - 8 / ? - 2 where H is the Hubble constant in units of 100 km 
sec - 1 Mpc - 1 (Ref. 9). This is a sufficiently tight limit that is beginning to cast 
doubt on the (not terribly popular) suggestion that the universe contains enough 
vibrating loops of cosmic string for their gravitational pulls to have seeded galaxy 
formation.10-11 

2.4 Extremely-Low-Frequency Band, 10~ 1 5 to 1 0 - 1 8 Hz 
Gravitational waves in the extremely-low-frequency band (ELF), 1 0 - 1 5 to 10~ 1 8 Hz, 
should produce anisotropies in the cosmic microwave background radiation. The 



tightest limit from microwave observations comes from the lower edge of the ELF 
band / ~ 1 0 - 1 8 Hz, where the gravitational wavelength is about n times the 
Hubble distance, and the waves, by squeezing all of the space inside our cos-
mological horizon in one direction and stretching it all in another, should pro
duce a quadrupolar anisotropy in the microwave background. The quadrupolar 
anisotropy measured by the COBE satellite, if due primarily to gravitational waves 
(which it could be), 1 2 ' 1 3 corresponds to an energy density fi,,(10~18 Hz) ~ 10" 9. 
In Sec. 9, I shall discuss the implications of this impressive ELF limit for the 
strength of the early-universe stochastic background in the HF and LF bands. 

2.5 Other Frequency Bands and Other Detection Methods 

A large number of other methods have been conceived for searching for gravita
tional radiation. Some of them would operate best in the HF, LF, VLF, and ELF 
bands described above; others would operate best at other frequencies. However, 
none has shown anywhere near the promise or the achievements of the methods 
described above (laser interferometry on Earth and in space, resonant mass anten
nas, Doppler tracking of spacecraft, timing of pulsars, and anisotropy of microwave 
background). For some references to other methods, see, e.g., Ref. 6. 

3 Ground-Based Laser Interferometers 

3.1 Wave Polarizations, Waveforms, and How an 
Interferometer Works 

According to general relativity theory (which I shall assume to be correct in this 
paper), a gravitational wave has two linear polarizations, conventionally called + 
(plus) and x (cross). Associated with each polarization, there is a gravitational-
wave field, ft+ or hx, which oscillates in time and propagates with the speed of 
light. Each wave field produces tidal forces (stretching and squeezing forces) on 
any object or detector through which it passes. If the object is small compared 
to the waves' wavelength (as is the case for ground-based interferometers and 
resonant mass antennas), then relative to the object's center, the forces have the 
quadrupolar patterns shown in Fig. 1. The names "plus" and "cross" are derived 
from the orientations of the axes that characterize the force patterns.6 

Figure 1: The lines of force associated with the two polarizations of a gravitational 
wave. (From Ref. 14.) 

A laser interferometer gravitational wave detector ("interferometer" for short) 
consists of four masses that hang from vibration-isolated supports as shown in 
Fig. 2, and the indicated optical system for monitoring the separations between 
the masses.6'1 4 Two masses are near each other, at the corner of an "L," and one 
mass is at the end of each of the L's long arms. The arm lengths are nearly equal, 
L\ a L2 = L. When a gravitational wave, with high frequencies compared to the 
masses' ~ 1 Hz pendulum frequency, passes through the detector, it pushes the 
masses back and forth relative to each other as though they were free from their 
suspension wires, thereby changing the arm-length difference, AL = L\—Li. That 
change is monitored by laser interferometry in such a way that the variations in the 
output of the photodiode (the interferometer's output) are directly proportional 
to AL(t). 

If the waves are coming from overhead or underfoot, and the axes of the + 
polarization coincide with the arms' directions, then it is the waves + polarization 
that drives the masses, and AL(t)/L = h+(t). More generally, the interferometer's 
output is a linear combination of the two wave fields: 

^ - = F+h+(t) + Fxhx(t) = h(t). (2) 

The coefficients F + and F x are of order unity and depend in a quadrupolar manner 
on the direction to the source and the orientation of the detector.6 The combi
nation h{t) of the two h's is called the gravitational-wave strain that acts on the 
detector; and the time evolutions of h(t), h+(t), and hx(t) are sometimes called 
waveforms. 



Photodiode 

Figure 2: Schematic diagram of a laser interferometer gravitational wave detector. 
(From Ref. 14.) 

Interferometer test masses at present are made of transparent fused silica, 
though other materials might be used in the future. The masses' inner faces 
(shown white in Fig. 2) are covered with high-reflectivity dielectric coatings to 
form the indicated "mirrors," while the masses' outer faces are covered with anti-
reflection coatings. The two mirrors facing each other on each arm form a Fabry-
Perot cavity. A beam splitter splits a carefully prepared laser beam in two and 
directs the resulting beams down the two arms. Each beam penetrates through 
the antireflection coating of its arm's corner mass, through the mass, and through 
the dielectric coating (the mirror); and thereby—with the length of the arm's 
Fabry-Perot cavity adjusted to be nearly an integral number of half wavelengths 
of light—the beam gets trapped in the cavity. The cavity's end mirror has much 
higher reflectivity than its corner mirror, so the trapped light leaks back out 
through the corner mirror and then hits the beam splitter where it recombines 
with light from the other arm. Most of the recombined light goes back toward the 
laser (where it can be returned to the interferometer by a "light-recycling mirror" 
labeled R), but a tiny portion goes toward the photodiode. 

When a gravitational wave hits the detector and moves the masses, thereby 
changing the lengths L\ and Li of the two cavities, it shifts each cavity's resonant 
frequency slightly relative to the laser frequency, and thereby changes the phase 
of the light in the cavity and the phase of the light that exits from the cavity 

toward the beam splitter. Correspondingly, the relative phase of the two beams 
returning to the splitter is altered by an amount A$ oc AI>, and this relative phase 
shift causes a change in the intensity of the recombined light at the photodiode, 
A/pd oc A$ oc AL oc h(t). Thus, the change of photodiode output current 
is directly proportional to the gravitational-wave strain h(t). This method of 
monitoring h(t), which was invented by Ronald Drever15 as a modification of 
Rainer Weiss's16 seminal concept for such an interferometer, is capable of very 
high sensitivity, as we shall see below. 

3.2 Wave Strengths and Interferometer Arm Lengths 
The strengths of the waves from a gravitational-wave source can be estimated us
ing the "Newtonian/quadrupole" approximation to the Einstein field equations. 
This approximation says that h cs (G/c*)Q/r, where Q is the second time deriva
tive of the source's quadrupole moment, r is the distance of the source from Earth 
(and G and c are Newton's gravitation constant and the speed of light). The 
strongest sources will be highly nonspherical, and thus, will have Q m ML2 where 
M is their mass and L their size, and correspondingly, will have Q a 2Mv2 c* 4SJ'„ 
where v is their internal velocity and E£'„ is the nonspherical part of their internal 
kinetic energy. This provides us with the estimate 

h ~ ^ ; - w) 
that is,/i is about four times the gravitational potential produced at Earth by 
the mass-equivalent of the source's nonspherical, internal kinetic energy—made 
dimensionless by dividing by c 2. Thus, in order to radiate strongly, the source 
must have a very large, nonspherical, internal kinetic energy. 

The best known way to achieve a huge internal kinetic energy is via gravity; 
and by energy conservation (or the virial theorem), any gravitationally-induced 
kinetic energy must be of the order of the source's gravitational potential energy. 
A huge potential energy, in turn, requires that the source be very compact, not 
much larger than its own gravitational radius. Thus, the strongest gravity-wave 
sources must be highly compact, dynamical concentrations of large amounts of 
mass (e.g., colliding and coalescing black holes and neutron stars). 

Such sources cannot remain highly dynamical for long; their motions will be 
stopped by energy loss to gravitational waves and/or the formation of an all-



encompassing black hole. Thus, the strongest sources should be transient. More
over, they should be very rare—so rare that to see a reasonable event rate will 
require reaching out through a substantial fraction of the universe. Thus, just as 
the strongest radio waves arriving at Earth tend to be extragalactic, so also the 
strongest gravitational waves are likely to be extragalactic. 

For highly compact, dynamical objects that radiate in the high-frequency 
band, e.g., colliding and coalescing neutron stars and stellar-mass black holes, 
the internal, nonspherical kinetic energy EJfiJc1 is of the order of the mass of the 
Sun; and, correspondingly, Eq. (3) gives h ~ 1 0 - 2 2 for such sources at the Hubble 
distance (3000 Mpc, i.e., 10 1 0 light years); h ~ 1 0 - 2 1 at 200 Mpc (a best-guess 
distance for several neutron-star coalescences per year; see Sec. 5.2), h ~ 1 0 - 2 0 at 
the Virgo cluster of galaxies (15 Mpc); and h ~ 10~ 1 7 in the outer reaches of our 
own Milky Way galaxy (20 kpc). These numbers set the scale of sensitivities that 
ground-based interferometers seek to achieve: h ~ 10~ 2 1 to 1 0 - 2 2 . 

When one examines the technology of laser interferometry, one sees good 
prospects to achieve measurement accuracies AL ~ 1 0 - 1 6 cm (1/1000 the di
ameter of the nucleus of an atom). With such an accuracy, an interferometer 
must have an arm length L = AL/h ~ 1 to 10 km in order to achieve the desired 
wave sensitivities, 10~2 1 to 1 0 - 2 2 . This sets the scale of the interferometers that 
are now under construction. 

3.3 LIGO, VIRGO, and the International Interferometric 
Network 

Interferometers are plagued by non-Gaussian noise, e.g., due to sudden strain 
releases in the wires that suspend the masses. This noise prevents a single inter
ferometer, by itself, from detecting with confidence short-duration gravitational-
wave bursts (though it might be possible for a single interferometer to search for 
the periodic waves from known pulsars). The non-Gaussian noise can be removed 
by cross correlating two, or preferably three or more, interferometers that are 
networked together at widely separated sites. 

The technology and techniques for such interferometers have been under de
velopment for nearly 25 years, and plans for km-scale interferometers have been 
developed over the past 14 years. An international network consisting of three 
km-scale interferometers, at three widely separated sites, is now in the early stages 

Figure 3: Artist's conception of one of the LIGO interferometers. (Courtesy of 
the LIGO Project.) 

of construction. It includes two sites of the American LIGO Project ("Laser Inter
ferometer Gravitational Wave Observatory" ) 1 4 and one site of the French/Italian 
VIRGO Project (named after the Virgo cluster of galaxies).17 

LIGO will consist of two vacuum facilities with four-kilometer-long arms, one 
in Hanford, Washington (in the northwestern United States, Fig. 3) and the other 
in Livingston, Louisiana (in the southeastern United States). These facilities 
are designed to house many successive generations of interferometers without the 
necessity of any major facilities upgrade; and after a planned future expansion, 
they will be able to house several interferometers at once, each with a different 
optical configuration optimized for a different type of wave (e.g., broad-band burst, 
narrow-band periodic wave, or stochastic wave). The LIGO facilities and their 
first interferometers are being constructed by a team of about 80 physicists and 
engineers at Caltech and MIT, led by Barry Barish (the PI) and Gary Sanders 
(the Project Manager). Robbie Vogt (who directed the project during the pre-
construction phase) is in charge of the final design and construction of LIGO's 
first interferometers, Stan Whitcomb is in charge of interferometer R&D, Albert 
Lazzarini is the system engineer, and Rai Weiss is the cognizant scientist for 
integration of all parts of LIGO. 



A number of other research groups are making important contributions to 
LIGO: Bob Byer's group at Stanford is developing Nd:YAG lasers, Peter Saulson's 
group at Syracuse and Vladimir Braginsky's group in Moscow are developing test-
mass suspension systems and studying noise in them, Jim Faller's group at JILA 
is developing active vibration isolation systems, Ron Drever's group at Caltech is 
developing advanced interferometers, and Sam Finn's group at Northwestern and 
my group at Caltech are developing data analysis techniques. A number of other 
groups are likely to join the LIGO effort in the next few years. A formal association 
of LIGO-related scientists (the LIGO Research Community, an analog of a "user's 
group" in high-energy physics) is being organized, and a LIGO Program Advisory 
Committee will be formed soon, with voting membership restricted to people 
outside the Caltech/MIT LIGO team, to advise the LIGO management. 

The VIRGO Project is building one vacuum facility in Pisa, Italy, with three-
kilometer-long arms. This facility and its first interferometers are a collaboration 
of moie than a hundred physicists and engineers at the INFN (Frascati, Napoli, 
Perugia, Pisa), LAL (Orsay), LAPP (Annecy), LOA (Palaiseau), IPN (Lyon), 
ESPCI (Paris), and the University of Illinois (Urbana), under the leadership of 
Alain Brillet and Adalberto Giazotto. 

Both LIGO and VIRGO are scheduled for completion in the late 1990s, and 
their first gravitational-wave searches are likely to be performed in 2000 or 2001. 

LIGO alone, with its two sites which have parallel arms, will be able to detect 
an incoming gravitational wave, measure one of its two waveforms, and (from the 
time delay between the two sites) locate its source to within a ~ 1° wide annulus 
on the sky. LIGO and VIRGO together, operating as a coordinated international 
network, will be able to locate the source (via time delays plus the interferometers' 
beam patterns) to within a two-dimensional error box with size between several 
tens of arcminutes and several degrees, depending on the source direction and on 
the amount of high-frequency structure in the waveforms. They will also be able to 
monitor both waveforms /»+(*) and hx(t) (except for frequency components above 
about 1 kHz and below about 10 Hz, where the interferometers' noise becomes 
severe). 

The accuracies of the direction measurements and the ability to monitor more 
than one waveform will be severely compromised when the source lies anywhere 
near the plane formed by the three LIGO/VIRGO interferometer locations. To 
get good all-sky coverage will require a fourth interferometer at a site far out 

of that plane; Japan and Australia would be excellent locations, and research 
groups there are carrying out research and development on interferometric de
tectors aimed at such a possibility. A 300-meter prototype interferometer called 
TAMA is under construction in Tokyo, and a 400-meter prototype called AIGO400 
has been proposed for construction north of Perth. 

Two other groups are major players in this field, one in Britain led by James 
Hough, the other in Germany, led by Karsten Danzmann. These groups each have 
two decades, of experience with prototype interferometers (comparable experience 
to the LIGO team and far more than anyone else) and great expertise, Frustrated 
by inadequate financing for a kilometer-scale interferometer, they are constructing, 
instead, a 600-meter system called GEO600 near Hannover, Germany. Their goal 
is to develop, from the outset, an interferometer with the sort of advanced design 
that LIGO and VIRGO will attempt only as a "second-generation" instrument, 
and thereby achieve sufficient sensitivity to be full partners in the international 
network's first gravitational-wave searches; they then would offer a variant of their 
interferometer as a candidate for second-generation operation in the much longer 
arms of LIGO and/or VIRGO. It is a seemingly audacious plan, but with their 
extensive experience and expertise, the British/German collaboration might pull 
it off successfully. 

3.4 Interferometer Development and Noise Sources 
It is not possible, in the short vacuum systems now available (arm lengths < 40 m), 
to develop and test a multikilometer interferometer as a single unit. This is 
because the various noise sources that plague an interferometer scale differently 
from each other with length L and with gravity-wave frequency / . As a result, 
the various components of the multikilometer interferometers, and the various 
techniques to be used in them, are being developed and tested separately in a 
number of different laboratories and will only be combined together into a single 
interferometer when the LIGO/VIRGO vacuum systems are completed. 

The best known of the LIGO-Project laboratories in which components and 
techniques are being developed is the 40-meter prototype interferometer at Caltech 
(Fig. 4). This prototype focuses on the development of methods and components 
to control "displacement noise," i.e., those noise sources that push the mirrored 
test masses back and forth as would a gravity wave. The principal sources of 



Figure 4: The LIGO Project's 40-meter "Mark IF prototype interferometer at 
Caltech. This prototype went into operation in 1993. It has much larger vacuum 
chambers, to accommodate bigger and better seismic isolation stacks, than those 
of the previous "Mark I" prototype (which operated from the early 1980s to 1992). 
[Courtesy of the LIGO Project.] 

displacement noise are seismic vibrations of the ground beneath the interferometer 
(which are filtered out by the masses' suspension wires and by "isolation stacks" 
made of successive layers of steel and rubber), and-thermally-induced vibrations of 
the test masses and of the wires that suspend them (vibrations that are controlled 
by designing the test masses and suspensions with great care and constructing 
them from low-loss, i.e., high "Q," materials). 

Among the LIGO Project's other laboratories, there is a shorter-armed proto
type interferometer facility at MIT, which is devoted to developing methods and 
components for controlling noise in the phase of the interferometer's light beams. 
Since the gravity wave makes itself known by the phase shift that it puts on the 
light of one interferometer arm relative to the other, this phase noise can simulate 
a gravity wave. Among the various causes of phase noise, the one that is the most 

fundamental is photon shot noise due to the random times at which the light's 
photons arrive at the photodiode (cf. Fig. 2). 

Once the myriad of other noise sources have been brought under control, shot 
noise, thermal noise (i.e., thermally induced vibrations), and seismic noise (i.e., 
ground vibrations) are likely to be the ultimate impediments to detecting and 
studying gravitational waves. Figure 5 shows the spectra expected for each of these 
three noises in the first interferometers that will operate in LIGO. At frequencies 
above 200 Hj5, shot noise dominates; between 200 Hz and 40 Hz, thermal noise in 
the suspension wires dominates; and below 40 Hz, seismic noise dominates. 

During LIGO's operations, step-by-step improvements will be made in the 
control of these three noise sources,14 thereby pushing the overall noise spectrum 
downward from the "first interferometer" level toward the "advanced interferom
eter" level shown in Fig. 5. As we shall see below, the sensitivity of the first 
interferometers might be inadequate to detect gravitational waves. However, we 
are quite confident that at some point during the improvement from first interfer
ometers to advanced, a plethora of gravitational waves will be found and will start 
bringing us exciting information about fundamental physics and the universe. 

Notice from Fig. 5 that the advanced LIGO interferometers are expected to 
have their optimal sensitivity at / ~ 100 Hz and rather good sensitivity all the 
way from / ~ 10 Hz at the low-frequency end to / ~ 500 Hz at the high-
frequency end. Below 10 Hz, seismic noise, creeping through the isolation stacks, 
will overwhelm all gravitational-wave signals; and above 500 Hz, photon shot noise 
may overwhelm the signals. 

Figure 6 gives an impression of the present state of interferometer technology 
and the rate of progress. This figure shows a sequence of noise spectra in the 
40-meter prototype interferometer at Caltech during 1990-94, when the 40-meter 
R&D emphasis was on improving the low-frequency noise performance. The top 
two (noisiest) spectra are snapshots of the original "Mark F prototype perfor
mance in October 1990 and June 1992; the lower two (quieter) spectra are from 
the rebuilt, "Mark IF prototype of Fig. 4, in March and October 1994. The 
smooth, solid line, for comparison, is the displacement noise goal for the first 
4-km interferometers in LIGO (i.e., it is the upper solid curve of Fig. 5). 

Note that the prototypes^ arm-length difference was being monitored, in Octo
ber 1994, to within an rms noise level (in a bandwidth equal to frequency) AL r m s = 
•f?&Z(f) < 8 x 10" 1 6 cm over the frequency range 200 to 1000 Hz. This corre-
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Figure 5: The expected noise spectrum in each of LIGO's first 4-km interferome
ters (upper solid curve) and in more advanced interferometers (lower solid curve). 
The dashed curves show various contributions to the first interferometers' noise. 
Plotted horizontally is gravity-wave frequency / ; plotted vertically is h(f), the 
square root of the spectral density of the detector's output h(t) = AL(t)/L in the 
absence of a gravity wave. The rms h noise in a bandwidth A / at frequency / is 
An» = Hf)VZT. (From Ref. 14.) 
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Figure 6: Measured noise spectra in the Caltech 40-meter prototype interferom
eter (Fig. 4). Since this prototype is devoted to learning to control displacement 
noise, the spectra shown are AL(/), the square root of the spectral density of the 
measured arm-length difference. Each of the many spectral lines is well under
stood, and most could be removed if their removal were of high priority (e.g., they 
are multiples of the 60 Hz line frequency sneaking into the apparatus by known 
routes). Those few, very narrow lines that cannot be physically removed by clean
ing up the instrument (e.g., thermally-driven violin-mode resonances of the wires 
that suspend the test masses) will be filtered out in the data analysis. Thus, the 
interferometer sensitivity is characterized by the continuum noise floor and not 
the lines. (From Ref. 18.) 



sponds to an rms gravitational-wave noise level hm, = ALtm,/40 m < 2 x 10~1 9, 
the best that any gravitational-wave detector has yet achieved. 

3.5 Semiquantitative Discussion of Interferometer Noise 

The LIGO and VIRGO interferometers are expected to have rms noise levels 
ftrms & 1 0 - 2 2 corresponding to test-mass position noises A L r m s £ hL ~ 10~ 1 6 cm. 
10~ 1 6 cm is awfully small: 1/1000 the diameter of the nucleus of an atom, and 
10~ 1 2 the wavelength of the light being used to monitor the masses' motions. How 
can one possibly monitor such small motions? The following estimate explains 
how. 

One adjusts the reflectivities of the interferometer's corner mirrors so the two 
arms store the laser light on average for about half a cycle of a ~ 100 Hz gravi
tational wave, which means for ~ 100 round trips. The light in each arm thereby 
acquires a phase shift 

A* ~ 100 x 4TTAL/A ~ 10" 9 , (4) 

where X ~ l O - 4 cm is the wavelength of light. If the interference of the light from 
the two beams is done optimally, then this phase shift (equal and opposite in the 
two arms) can be measured at the photodiode to an accuracy that is governed by 
the light's photon shot noise, A* ~ \/y/N, where JV is the number of photons 
that enter the interferometer from the laser during the half-cycle of photon storage 
time. (This 1/VN is the usual photon fluctuation in a quantum mechanical 
"coherent state" of light.) Thus, to achieve the required accuracy, A$ ~ 10~9, in 
the face of photon shot noise, requires N ~ 10 1 8 photons in 0.01 second, which 
means a laser power of ~ 100 Watts. 

By cleverness,15 one can reduce the required laser power. The light is stored 
in the interferometer arms for only a half gravity-wave period (~ 100 round trips) 
because during the next half period, the waves would reverse the sign of AL, 
thereby reversing the sign of the phase shift being put onto the light and removing 
from the light the signal that had accumulated in the first half period. In just 100 
round trips, however, the light is attenuated hardly at all. One therefore reuses the 
light, over and over again. This is done by (1) operating the interferometer with 
only a tiny fraction of the recombined light going out toward the photodiode, 
and almost all of it instead going back toward the laser, and by (2) placing a 

mirror (marked R in Fig. 2) between the laser and the interferometer in just 
such a position that the entire interferometer becomes an optical cavity driven 
by the laser—with its arms as two subcavities. Then the mirror R recycles the 
recombined light back into the interferometer in phase with the new laser light, 
thereby enabling a laser of, say, 5 Watts to behave like one of 100 Watts or more. 

Let's turn from photon shot noise to thermal noise. How, one might ask, 
can one possibly expect to monitor the mirrors' motions at a level of 1 0 - 1 6 cm 
when the room-temperature atoms of which the fused-silica mirrors are made 
vibrate thermally with amplitudes A/ t m , = y/kT/muP ~ 10~1 0 cm? (Here k is 
Boltzmann's constant, T is room temperature, m is the atomic rest mass, and w ~ 
1 0 w s - 1 is the angular frequency of atomic vibration.) The answer is that these 
individual atomic vibrations are unimportant. The light beam, with its ~ 5 cm 
diameter, averages over the positions of ~ 10 1 7 atoms in the mirror, and with its 
0.01 s storage time, it averages over ~ 10 u vibrations of each atom. This spatial 
and temporal averaging makes the vibrations of individual atoms irrelevant. Not 
so irrelevant, however, are the lowest-frequency normal-mode vibrations of the 
mirror-endowed masses (since these modes experience much less time averaging 
than the faster atomic vibrations). Assuming a mass m ~ (a few tens of kg), 
these normal modes have angular frequencies w ~ 10 s s - 1 , so their rms vibration 
amplitude is Alm, = y/kT/mu* ~ 10~1 4 cm. This is 100 times larger than the 
signals we wish to monitor; but if these modes have high quality factors (high 
Q's; low losses), then the vibrations will be very steady over the interferometer's 
averaging time of 0.01 s, and correspondingly, their effects will average down by 
more than a factor of 100. Similar considerations apply to the thermal noise in 
the masses' suspension wires. For detailed discussions of fascinating and not-fully-
understood physics issues that influence the thermal noise, see, e.g., Refs. 19-21. 

At the LIGO sites, and most any other quiet location on Earth, the ground 
is continually shaking with an rms displacement A/ r m J ~ 10~8 cm (100 Hz/ / ) 3 / 2 . 
This is 107 times larger than the motions one seeks to monitor. At frequencies 
above 10 Hz or so, one can protect the masses from these seismic vibrations by 
simple (but carefully designed) passive isolation stacks. Each element in the stack 
is a mass and a spring (a harmonic oscillator) with normal-mode frequency /o ~ (a 
few Hz). When seismic noise tries to drive this harmonic oscillator far above its 
resonant frequency [in our case, at / ^ (a few tens of Hz)], the amplitude of its 
response is attenuated relative to the driving motion by a factor ( /o/ /) 2 [in our 



Figure 7: The seismic isolation stack that was recently installed in the LIGO 
Project's Mark II prototype interferometer at Caltech. When the interferometer 
is in operation, a small tower is mounted on the top steel plate and from the tower 
hangs one of the interferometer's mirror-endowed masses. [Courtesy of the LIGO 
Project.] 

case, a factor £ 102]. Thus, each oscillator in the stack will provide a reduction 
•>& 102 in A/ r m s , so a stack of four or-five-oscillators is enough to^proyidejthe 
required isolation. Figure 7 shows an isolation stack—made of four steel plates 
and four sets of Viton rubber springs (not quite visible between the plates)—that 
is now operating in the Mark II prototype interferometer of Fig. 4. This stack 
and the pendulum wires that suspend the mirror-endowed test masses provide five 
layers of isolation. The installation of this new stack was responsible for the sharp 
drop in low-frequency noise in Fig. 6 between June 1992 (Mark I) and March 1994 
(Mark II). 

The above rough estimates suggest (as Weiss realized as early as 1972)16 that 
it is possible for interferometers to achieve the required sensitivities, hm, ~ 10" 2 2 

and AL ~ 10~ 1 6 cm. However, going from these rough estimates to a real working 
interferometer, and doing so in the face of a plethora of other noise sources, is a 
tremendous experimental challenge—one that has occupied a number of excellent 
experimental physicists since 1972. 

4 Resonant-Mass Antennas 
A resonant-mass antenna for gravitational radiation consists of a solid body that 
(heuristically speaking) rings like a bell when a gravitational wave hits it. This 
body (the resonant mass) is usually a cylinder, but future variants are likely to be 
spheres or sphere-like, e.g., a truncated icosahedron gravitational-wave antenna 
or TIGA. 2 2 The resonant mass is typically made from an alloy of aluminum and 
weighs several tons, but some have been made of niobium or single-crystal silicon 
or sapphire (but with masses well below a ton). To control thermal noise, the 
resonant mass is usually cooled cryogenically to liquid-helium temperatures or 
below. 

The resonant-mass antenna is instrumented with an electromagnetic trans
ducer and electronics, which monitor the complex amplitude of one or more of 
the mass's normal modes. When a gravitational wave passes through the mass, 
its frequency components near each normal-mode frequency /<, drive that mode, 
changing its complex amplitude; and the time evolution of the changes is mea
sured within some bandwidth A / by the transducer and electronics. Current 
resonant-mass antennas are narrow-band devices ( A / / / 0 <g 1) but in the era of 
LIGO/VIRGO, they might achieve bandwidths as large as A / / / 0 ~ 1/3. 

Resonant-mass antennas for gravitational radiation were pioneered by Joseph 
Weber about 35 years ago 2 3 and have been pushed to ever higher sensitivity by 
Weber and a number of other research groups since then. For references and an 
overview of the present and future of such antennas, see, e.g., Ref. 24. At present, 
there is a network of such antennas,25 cooled to 3 K, and operating with an rms 
noise level for broad-band gravity-wave bursts of hemll ~ 6 x 10~1 9. The network in
cludes an aluminum cylinder called EXPLORER built by a group at the University 
of Rome, Italy (Edoardo Amaldi, Guido Pizella, et at.); an aluminum cylinder at 
Louisiana State University, United States (Bill Hamilton, Warren Johnson, et al.); 
and a niobium cylinder at the University of Perth, Australia (David Blair et al.). 
This network has been in operation, searching for waves, for several years. 

The next generation of resonant-mass antennas is now under construction at 
the University of Rome (NAUTILUS) and at the University of Legarno, Italy 
(AURIGA). These are several-ton aluminum bars cooled to 0.05 K; their rms 
design sensitivities for wave bursts are (several)XlO -20 (Ref. 24). 



A subsequent generation, which hopefully would operate in the LIGO/VIRGO 
era, is being discussed and planned.24 These are 1 to 100 ton spheres or TIGA's 
cooled to ~ 0.01-0.05 K, with sensitivity goals of ~ 10~2 1. Such antennas might 
be built by an American collaboration, a Brazilian collaboration, an Italian col
laboration called "Omega," and/or a Dutch collaboration called "Grail." Their 
spherical or near-spherical shapes make them omnidirectional and should give 
them several-times higher sensitivities than can be achieved by cylinders at the 
same frequency. 
. The attractiveness of such antennas in the LIGO/VIRGO era lies in their 

ability to operate with impressive sensitivity in the uppermost reaches of the 
high-frequency band, ~ 103 to 104 Hz, where photon shot noise debilitates the 
performance of interferometric detectors (cf. Fig. 5). Figure 8 shows the projected 
rms noise curves of a family of TIGA detectors, each instrumented to operate at 
the "standard quantum limit" for such a detector (a nontrivial experimental task). 
Shown for comparison is the rms noise of the first LIGO interferometer—which, of 
course, is not optimized for the kHz band. The GEO600 interferometer, with its 
advanced design, can be operated in a narrow-band, high-frequency mode (and 
probably will be so operated in ~ 1999). Its rms design sensitivity in such a 
mode is also shown in Fig. 8. The TIGA sensitivities are sufficiently good in the 
kHz band, compared to early LIGO and GEO interferometers, so that although 
they probably cannot begin to operate until somewhat after the beginning of the 
LIGO/VIRGO era, they might be fully competitive when they do operate and 
might play an important role in the kHz band. 

5 High-Frequency Gravitational-Wave Sources: 
Coalescing Compact Binaries 

The best understood of all gravitational-wave sources are coalescing, compact 
binaries composed of neutron stars (NS) and black holes (BH). These NS/NS, 
NS/BH, and BH/BH binaries may well become the "bread and butter" of the 
LIGO/VIRGO diet. 

The Hulse-Taylor2-3 binary pulsar, PSR 1913 + 16, is an example of a NS/NS 
binary whose waves could be measured by LIGO/VIRGO, if we were to wait long 
enough. At present, PSR 1913 +16 has an orbital frequency of about 1/(8 hours) 
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Figure 8: The rms noise curves h(f) (measured in strain per root Hz) for a 
"xylaphone" of TIGA gravitational-wave detectors (solid curves) for signals of 
random polarization and direction.22 The TIGA's are presumed instrumented and 
cooled sufficiently well that their sensitivity is at the standard quantum limit. 
Their central frequencies, radii, and masses (assuming aluminum material) are 
{1.0 kHz, 1.30 m, 25.1 ton}, {1.25 kHz, 1.04 m, 12.8 ton}, {1.50 kHz, 0.87 m, 
7.4 ton}, {1.75 kHz, 0.74 m, 4.7 ton}, and {2.0 kHz, 0.65 m, 3.1 ton}. Shown for 
comparison are the noise curves for the first LIGO interferometer with random-
wave polarization and direction multiplied by \/Z (dotted curve; Fig. 5), and 
for the first GEO600 detector operated in a narrow-band mode (dashed curve; 
Ref. 26). 
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Figure 9: LIGO's projected broad-band noise htm5 and sensitivity to bursts HSB 
(Fig. 5 and Ref. 14) compared with the strengths of the waves from the last few 
minutes of inspiral of compact binaries. The signal to noise ratios are \[2 higher 
than in Ref. 14 because of a factor of two error in Eq. (29) of Ref. 6. 

and emits its waves predominantly at twice this frequency, roughly 10~4 Hz, which 
is in the low-frequency band—far too low to be detected by LIGO/VIRGO. How
ever, as a result of their loss of orbital energy to gravitational waves, the PSR 
1913 + 16 NS's are gradually spiraling inward. If we wait roughly 108 years, this 
inspiral will bring the waves into the LIGO/VIRGO high-frequency band. As the 
NS's continue their inspiral, the waves will then sweep upward in frequency, over 
a time of about 15 minutes, from 10 Hz to ~ 103 Hz, at which point the NS's 
will collide and coalesce. It is this last 15 minutes of inspiral, with ~ 16,000 
cycles of waveform oscillation, and the final coalescence that LIGO/VIRGO seeks 
to monitor. 

5.1 Wave Strengths Compared to LIGO Sensitivities 

Figure 9 compares the projected sensitivities of interferometers in LIGO1 4 with 
the wave strengths from the last few minutes of inspiral of BH/BH, NS/BH, 
and NS/NS binaries at various distances from Earth. The two solid curves at 
the bottoms of the stippled regions (labeled ftrms) are the rms noise levels for 

broad-band waves that have optimal direction and polarization. The tops of the 
stippled regions (labeled ftSB for "sensitivity to bursts") are the sensitivities for 
highly confident detection of randomly polarized, broad-band waves from random 
directions (i.e., the sensitivities for high confidence that any such observed signal 
is not a false alarm due to Gaussian noise). The upper stippled region and its 
bounding curves are the expected performances of the first interferometers in 
LIGO; the lower stippled region and curves are performances of more advanced 
LIGO interferometers; cf. Fig. 5. 

As the NS's and/or BH's spiral inward, their waves sweep upward in fre
quency (left to right in the diagram). The dashed lines show their "characteris
tic" signal strength hc (approximately the amplitude h of the waves' oscillations 
multiplied by the square root of the number of cycles spent near a given fre
quency, -x/n); the signal-to-noise ratio is this he divided by the detector's </Eh,ma, 
S/N = hc/{V5hm,), where the \/E converts h,m, from "optimal direction and 
polarization" to "random direction and polarization").14'6 The arrows along the 
bottom inspiral track indicate the time until final coalescence for an NS/NS bi
nary and the separation between the NS centers of mass. Each NS is assumed 
to have a mass of 1.4 suns and a radius ~ 10 km, and for each BH, 10 suns and 
~ 20 km. 

Notice that the signal strengths in Fig. 9 are in good accord with our rough 
estimates based on Eq. (3); at the endpoint (right end) ofeachinspiral, the number 
of cycles n spent near that frequency is of order unity, so the quantity plotted, 
hc c* hy/ri, is about equal to h—and at distance 200 Mpc is roughly 10~2 1, as we 
estimated in Sec. 3.2. 

5.2 Coalescence Rates 

Such final coalescences are few and far between in our own galaxy: about one 
every 100,000 years, according to 1991 estimates by Phinney27 and by Narayan, 
Piran, and Shemi,28 based on the statistics of binary pulsar searches in our galaxy 
which found three that will coalesce in less than 10 1 0 years. Extrapolating out 
through the universe on the basis of the density of production of blue light (the 
color produced predominantly by massive stars), Phinney27 and Narayan et al.28 

infer that to see several NS/NS coalescences per year, LIGO/VIRGO will have to 
look out to a distance of about 200 Mpc (give or take a factor of ~ 2); cf. the 



"NS/NS inspiral, 200 Mpc" line in Fig. 9. Since these estimates were made, the 
binary pulsar searches have been extended through a significantly larger volume 
of the galaxy than before, and no new ones with coalescence times ^ 10 1 0 years 
have been found; as a result, the binary-pulsar-search-based best estimate of the 
coalescence rate should be revised downward,29 perhaps to as little as one every 
million years in our galaxy, corresponding to a distance 400 Mpc for several per 
year.2 9 

A rate of one every million years in our galaxy is ~ 1000 times smaller than the 
birth rate of the NS/NS binaries' progenitors: massive, compact, main-sequence 
binaries. 2 7 ' 2 8 Therefore, either 99.9% of progenitors fail to make it to the NS/NS 
state (e.g., because of binary disruption during a supernova or forming TZO's), 
or else they do make it, but they wind up as a class of NS/NS binaries that has 
not yet been discovered in any of the pulsar searches. Several experts on binary 
evolution have argued for the latter. 3 0" 3 2 Most NS/NS binaries, they suggest, may 
form with such short orbital periods that their lifetimes to coalescence are signif
icantly shorter than normal pulsar lifetimes (~ 107 years); and with such short 
lifetimes, they have been missed in pulsar searches. By modeling the evolution of 
the galaxy's binary star population, the binary experts arrive at best estimates as 
high as 3 x 1 0 - 4 coalescences per year in our galaxy, corresponding to several per 
year out to a 60-Mpc distance.30 Phinney2 7 describes other plausible populations 
of NS/NS binaries that could increase the event rate, and he argues for "ultracon-
servative" lower and upper limits of 23 Mpc and 1000 Mpc for how far one must 
look to see several coalescences per year. 

By comparing these rate estimates with the signal strengths in Fig. 9, we see 
that (1) the first interferometers in LIGO/VIRGO have a possibility but not high 
probability of seeing NS/NS coalescences; (2) advanced interferometers are almost 
certain of seeing them (the requirement that this be so was one factor that forced 
the LIGO/VIRGO arm lengths to be so long, several kilometers); and (3) they 
are most likely to be discovered roughly half-way between the first and advanced 
interferometers—which means by an improved variant of the first interferometers 
several years after LIGO operations begin. 

We have no good observational handle on the coalescence rate of NS/BH or 
BH/BH binaries. However, theory suggests that their progenitors might not dis
rupt during the stellar collapses that produce the NS's and BH's, so their co
alescence rate could be about the same as the birth rate for their progenitors: 

~ 1/100,000 years in our galaxy. This suggests that within a 200 Mpc distance, 
there might be several NS/BH or BH/BH coalescences per year. 2 7 ' 2 8 ' 3 0 ' 3 2 This 
estimate should be regarded as a plausible upper limit on the event rate and a 
lower limit on the distance to look. 2 7 ' 2 8 

If this estimate is correct, then NS/BH and BH/BH binaries will be seen 
before NS/NS and might be seen by the first LIGO/VIRGO interferometers or 
soon thereafter; cf. Fig. 9. However, this estimate is far less certain than the 
(rather uncertain) NS/NS estimates! 

Once coalescence waves have been discovered, each further improvement of 
sensitivity by a factor of two will increase the event rate by 2 3 cz 10. Assuming a 
rate of several NS/NS per year at 200 Mpc, the advanced interferometers of Fig. 9 
should see ~ 100 per year. 

5.3 Inspiral Waveforms and the Information They Can 
Bring 

Neutron stars and black holes have such intense self-gravity that it is exceedingly 
difficult to deform them. Correspondingly, as they spiral inward in a compact 
binary, they do not gravitationally deform each other significantly until several 
orbits before their final coalescence.33,34 This means that the inspiral waveforms 
are determined to high accuracy by only a few, clean parameters: the masses and 
spin angular momenta of the bodies, and the initial orbital elements (i.e., the 
elements when the waves enter the LIGO/VIRGO band). 

Though tidal deformations are negligible during inspiral, relativistic effects can 
be very important. If, for the moment, we ignore the relativistic effects—i.e., if we 
approximate gravity as Newtonian and the wave generation as due to the binary's 
oscillating quadrupole moment,6 then the shapes of the inspiral waveforms h+(t) 
and hx(t) are as shown in Fig. 10. 

The left-hand graph in Fig. 10 shows the waveform increasing in amplitude 
and sweeping upward in frequency (i.e., undergoing a "chirp") as the binary's 
bodies spiral closer and closer together. The ratio of the amplitudes of the two 
polarizations is determined by the inclination, i, of the orbit to our line of sight 
(lower right in Fig. 10). The shapes of the individual waves, i.e., the waves' har
monic content, are determined by the orbital eccentricity (upper right). (Binaries 
produced by normal stellar evolution should be highly circular due to past radia-
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Figure 10: Waveforms from the inspiral of a compact binary, computed using 
Newtonian gravity for the orbital evolution and the quadrupole-moment approx
imation for the wave generation. (From Ref. 14.) 

tion reaction forces, but compact binaries that form by capture events, in dense 
star clusters that might reside in galactic nuclei,35 could be quite eccentric.) If, 
for simplicity, the orbit is circular, then the rate at which the frequency sweeps or 
"chirps," df/dt [or equivalently, the number of cycles spent near a given frequency, 
n = f2{df/dt)~l\ is determined solely, in the Newtonian/quadrupole approxima
tion, by the binary's so-called chirp mass, Mc = (MiM2)3^/{Mi +W2) 1 / 5 (where 
Mi and Mi are the two bodies' masses). The amplitudes of the two waveforms 
are determined by the chirp mass, the distance to the source, and the orbital in
clination. Thus (in the Newtonian/quadrupole approximation), by measuring the 
two amplitudes, the frequency sweep, and the harmonic content of the inspiral 
waves, one can determine as direct, resulting observables, the source's distance, 
chirp mass, inclination, and eccentricity.36'3r 

As in binary pulsar observations,3 so also here, relativistic effects add further 
information. They influence the rate of frequency sweep and produce waveform 
modulations in ways that depend on the binary's dimensionless ratio t] = n/M 
of reduced mass /x = MiMzftMi + M2) to total mass M = M1 + A/240 and on 
the spins of the binary's two bodies.41 These relativistic effects are reviewed and 
discussed at length in Refs. 38 and 42. Two deserve special mention: (1) As the 
waves emerge from the binary, some of them get backscattered one or more times 

off the binary's spacetime curvature, producing wave tails. These tails act back 
on the binary, modifying its inspiral rate in a measurable way. (2) If the orbital 
plane is inclined to one or both of the binary's spins, then the spins drag inertial 
frames in the binary's vicinity (the "lense-thirring effect"); this frame dragging 
causes the orbit to precess, and the precession modulates the waveforms.3 8'3 9'4 3 

Figure 11 shows the resulting modulation for a 1 Ai© NS spiraling into a rapidly 
spinning, 10 M© BH. 

Remarkably, the relativistic corrections to the frequency sweep will be mea
surable with very high accuracy, even though they are typically ^ 10% of the 
Newtonian contribution, and even though the typical signal-to-noise ratio will 
be only ~ 9 even after optimal signal processing. The reason is as follows:3 8'4 4'4 5 

The frequency sweep will be monitored by the method of "matched filters"; in 
other words, the incoming, noisy signal will be cross correlated with theoretical 
templates. If the signal and the templates gradually get out of phase with each 
other by more than ~ 1/10 cycle as the waves sweep through the LIGO/VIRGO 
band, their cross correlation will be significantly reduced. Since the total number 
of cycles spent in the LIGO/VIRGO band will be ~ 16,000 for a NS/NS binary, 
~ 3500 for NS/BH, and ~ 600 for BH/BH, this means that LIGO/VIRGO should 
be able to measure the frequency sweep to a fractional precision & 10 - 4 , compared 
to which the relativistic effects are very large. (This is essentially the same method 
as the one Joseph Taylor and colleagues use for high-accuracy radio-wave mea— 
surements of relativistic effects in binary pulsars.)3 

Preliminary analyses, using the theory of optimal signal processing, predict the 
following typical accuracies for LIGO/VIRGO measurements based solely on the 
frequency sweep (i.e., ignoring modulational information): 3 8 , 4 4 - 4 7 (1) The chirp 
mass Mc will typically be measured, from the Newtonian part of the frequency 
sweep, to ~ 0.04% for a NS/NS binary and ~ 0.3% for a system containing at least 
one BH. (2) //we are confident (e.g., on a statistical basis from measurements of 
many previous binaries) that the spins are a few percent or less of the maximum 
physically allowed, then the reduced mass n will be measured to ~ 1% for NS/NS 
and NS/BH binaries, and ~ 3% for BH/BH binaries. (Here and below, NS means 
a ~ 1.4 M© neutron star and BH means a ~ 10 Af© black hole.) (3) Because 
the frequency dependences of the (relativistic) y. effects and spin effects are not 
sufficiently different to give a clean separation between fi and the spins, if we 
have no prior knowledge of the spins, then the spin//* correlation will worsen the 
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Figure 11: Modulations! envelope for the waveform from a 1 M© nonspinning NS 
spiraling into a 10 M©, rapidly spinning Kerr black hole (spin parameter a = 1). 
The orbital angular momentum L is inclined by a = 11.3° to the hole's spin 
angular momentum S, and the two precess around J = L + S, whose direction 
remains fixed in space as L = \L\ shrinks and S = \S\ = MBH« remains constant. 
The precession modulates the waves by an amount that depends on (1) the di
rection to Earth (here along the initial Lx S, i.e., out of the paper) and (2) the 
orientation of the detector's arms (here parallel to the figure's initial L and to 
£x(direction to Earth) for /»+, and rotated 45° for hx). The figure shows the 
waveforms' modulational envelopes (in arbitrary units, the same for h+ and hx), 
parametrized by the wave frequency / and the number of cycles of oscillation 
between the indicated / ' s . The total number of precessions from / to coalescence 
is JV p t e c ~ (5/64jr)(Ma//i)(irM/)- 2/ 3 ~ 20(//10 Hz)" 2 ' 3 . (From Refs. 38 and 39.) 

typical accuracy of n by a large factor, to ~ 30% for NS/NS, ~ 50% for NS/BH, 
and a factor ~ 2 for BH/BH. 4 6 , 4 4 These worsened accuracies might be improved 
somewhat by waveform modulations caused by the spin-induced precession of the 
orbit, 3 9 ' 4 3 and even without modulational information, a certain combination of 
ft and the spins will be determined to a few percent. Much additional theoretical 
work is needed to firm up the measurement accuracies. 

To take full advantage of all the information in the inspiral waveforms will 
require theoretical templates that are accurate, for given masses and spins, to a 
fraction of a cycle during the entire sweep through the LIGO/VIRGO band. Such 
templates are being computed by an international consortium of relativity theo
rists (Blanchet and Damour in France, Iyer in India, Will and Wiseman in the 
United States, and others), 4 2 , 4 8 using post-Newtonian expansions of the Einstein 
field equations. This enterprise is rather like computing the Lamb shift to high 
order in powers of the fine structure constant, for comparison with experiment. 
The terms of leading order in the mass ratio r\ = {i/M are being checked by 
a Japanese-American consortium (Nakamura, Sasaki, Tagoshi, Tanaka, Poisson) 
using the Teukolsky formalism for weak perturbations of black holes. 4 9 , 5 0 These 
small-r/ calculations have been carried to very high post-Newtonian order for cir
cular orbits and no spins, 5 1 ' 5 2 and from those results, Cutler and Flanagan53 have 
estimated the order to which the full, finite-jj computations must be carried in 
order that systematic errors in the theoretical templates will not significantly im
pact the information extracted from the LIGO/VIRGO observational data. The 
answer appears daunting—radiation-reaction effects must be computed to three 
full post-Newtonian orders [six orders in ti/c =(orbital velocity)/(speed of light)] 
beyond the leading-order radiation reaction, which itself is five orders in v/c be
yond the Newtonian theory of gravity. 

It is only about ten years since controversies over the leading-order radiation 
reaction54 were resolved by a combination of theoretical techniques and binary pul
sar observations. Nobody dreamed then that LIGO/VIRGO observations will re
quire pushing post-Newtonian computations onward from 0[(v/c)5] to 0[(v/c)n]. 
This requirement epitomizes a major change in the field of relativity research. At 
last, 80 years after Einstein formulated general relativity, experiment has become 
a major driver for theoretical analyses. 

Remarkably, the goal of 0[(v/c)u] is achievable. The most difficult part of the 
computation, the radiation reaction, has been evaluated to 0[(v/c)3] beyond New-



ton by the French/Indian/American consortium48 and as of this writing, rumors 
have it that 0[(i>/c)10] is coming under control. 

These high-accuracy waveforms are needed only for extracting information 
from the inspiral waves, after the waves have been discovered; they are not needed 
for the discovery itself. The discovery is best achieved using a different family of 
theoretical waveform templates, one that covers the space of potential waveforms 
in a manner that minimizes computation time instead of a manner that ties quan
titatively into general relativity theory.38 Such templates are in the early stage of 
development.55"57 

LIGO/VIRGO observations of compact binary inspirals have the potential to 
bring us far more information than just binary masses and spins: 

• They can be used for high-precision tests of general relativity. In scalar-tensor 
theories (some of which are attractive alternatives to general relativity58), 
radiation reaction due to emission of scalar waves places a unique signature 
on the gravitational waves that LIGO/VIRGO would detect—a signature 
that can be searched for with high precision.59 

• They can be used to measure the universe's Hubble constant, deceleration 
parameter, and cosmological constant. 3 6 , 3 7 , 6 0 , 6 1 The keys to such measure
ments are that: (1) Advanced interferometers in LIGO/VIRGO will be able 
to see NS/NS out to cosmological redshifts z ~ 0.3 and NS/BH out to 
z ~ 2. (2) The direct observables that can be extracted from the observed 
waves include the source's luminosity distance n, (measured to accuracy 
~ 10% in a large fraction of cases), and its direction on the sky (to ac
curacy ~ 1 square degree)—accuracies good enough that only one or a few 
electromagnetically-observed clusters of galaxies should fall within the three-
dimensional gravitational error boxes, thereby giving promise to joint gravi
tational/electromagnetic statistical studies. (3) Another direct gravitational 
observable is (1 + z)M where z is redshift and M is any mass in the system 
(measured to the accuracies quoted above). Since the masses of NS's in bi
naries seem to cluster around 1.4 MQ, measurements of (1+z)M can provide 
a handle on the redshift, even in the absence of electromagnetic aid. 

• For a NS or small BH spiraling into a massive ~ 50 to 500 M© BH, the 
inspiral waves will carry a "map" of the spacetime geometry around the big 
hole—a map that can be used, e.g., to test the theorem that "a black hole 
has no hair";6 2 cf. Sec. 8.3 below. 

5.4 Coalescence Waveforms and Their Information 
The waves from the binary's final coalescence can bring us new types of informa
tion. 

BH/BH Coalescence 

In the case of a BH/BH binary, the coalescence will excite large-amplitude, 
highly nonlinear vibrations of spacetime curvature near the coalescing black-hole 
horizons—a phenomenon of which we have very little theoretical understanding 
today. Especially fascinating will be the case of two spinning black holes whose 
spins are not aligned with each other or with the orbital angular momentum. Each 
of the three angular momentum vectors (two spins, one orbital) will drag space in 
its vicinity into a tornado-like swirling motion—the general relativistic "dragging 
of inertial frames," so the binary is rather like two tornados with orientations 
skewed to each other, embedded inside a third, larger tornado with a third ori
entation. The dynamical evolution of such a complex configuration of coalescing 
spacetime warpage (as revealed by its emitted waves) might bring us surprising 
new insights into relativistic gravity.14 Moreover, if the sum of the BH masses is 
fairly large, ~ 40 to 200 M©, then the waves should come off in a frequency range 
/ ~ 40 to 200 Hz where the LIGO/VIRGO broad-band interferometers have their 
best sensitivity and can best extract the information the waves carry. 

To get full value out of such wave observations will require63 having theoret
ical computations with which to compare them. There is no hope to perform 
such computations analytically; they can only be done as supercomputer simula
tions. The development of such simulations is being pursued by several research 
groups, including an eight-university American consortium of numerical relativists 
and computer scientists called the Two-Black-Holes Grand Challenge Alliance64 

(Co-PIs: Richard Matzner and Jim Browne, University of Texas, Austin; Larry 
Smarr, Ed Seidel, Paul Saylor, Faisal Saied, University of Illinois, Urbana; Geof
frey Fox, Syracuse University; Stu Shapiro and Saul Teukolsky, Cornell University; 



Jim York and Charles Evans, University of North Carolina; Sam Finn, Northwest
ern University; Pablo Laguna, Pennsylvania State University; and Jeff Winicour, 
University of Pittsburgh). I have a bet with Matzner, the lead PI of this alliance, 
that LIGO/VIRGO will discover waves from such coalescences with misaligned 
spins before the Alliance is able to compute them. 

NS/NS Coalescence 

The final coalescence of NS/NS binaries should produce waves that are sensi
tive to the equation of state of nuclear matter, so such coalescences have the poten
tial to teach us about the nuclear equation of state. 1 4 ' 3 8 In essence, LIGO/VIRGO 
will be studying nuclear physics via the collisions of atomic nuclei that have nu-
cleon numbers A ~ 1057—somewhat larger than physicists are normally accus
tomed to. The accelerator used to drive these nuclei up to the speed of light is 
the binary's self-gravity, and the radiation by which the details of the collisions 
are probed is gravitational. 

Unfortunately, the final NS/NS coalescence will emit its gravitational waves 
in the kHz frequency band (800 Hz £ / ^ 2500 Hz) where photon shot noise 
will prevent them from being studied by the standard, "workhorse," broad-band 
interferometers of Fig. 5. However, a specially configured ("dual-recycled") in
terferometer invented by Brian Meers,65 which could have enhanced sensitivity in 
the kHz region at the price of reduced sensitivity elsewhere, may be able to mea
sure the waves and extract their equation of state information, as might massive, 
spherical, resonant-mass detectors. 3 8 , 6 6 Such measurements will be very difficult 
and are likely only when the LIGO/VIRGO network has reached a mature stage. 

A number of research groups 6 7" 7 1 are engaged in numerical astrophysics simu
lations of NS/NS coalescence, with the goal not only to predict the emitted grav
itational waveforms and their dependence on equation of state, but also (more 
immediately) to learn whether such coalescences might power the 7-ray bursts 
that have been a major astronomical puzzle since their discovery in the early 
1970s. 

NS/NS coalescence is currently a popular explanation for the 7-ray bursts 
because (1) the bursts are isotropically distributed on the sky, (2) they have 
a distribution of number versus intensity that suggests they might lie at near-
cosmological distances, and (3) their event rate is roughly the same as that pre
dicted for NS/NS coalescence (~ 1000 per year out to cosmological distances, if 

they are cosmological). If LIGO/VIRGO were now in operation and observing 
NS/NS inspiral, it could report definitively whether or not the 7-bursts are pro
duced by NS/NS binaries; and if the answer were yes, then the combination of 
7-burst data and gravitational-wave data could bring valuable information that 
neither could bring by itself. For example, it would reveal when, to within a few 
msec, the 7-burst is emitted relative to the moment the NS's first begin to touch; 
and by comparing the 7 and gravitational times of arrival, we might test whether 
gravitational waves propagate with the speed of light to a fractional precision of 
~ 0.01 sec/3 x 109lyr = 10~1 9. 

NS/BH Coalescence 

An NS spiraling into a BH of mass M £ 10 MQ should be swallowed more or 
less whole. However, if the BH is less massive than roughly 10 MQ, and especially 
if it is rapidly rotating, then the NS will tidally disrupt before being swallowed. 
Little is known about the disruption and accompanying waveforms. To model 
them with any reliability will likely require full numerical relativity, since the 
circumferences of the BH and NS will be comparable and their physical separation 
at the moment of disruption will be of the same order as their separation. As with 
NS/NS, the coalescence waves should carry equation of state information and will 
come out in the kHz band, where their detection will require advanced, specialty 
detectors. 

Christodoulou Memory 

As the coalescence waves depart from their source, their energy creates (via 
the nonlinearity of Einstein's field equations) a secondary wave called the "Chris
todoulou memory."72"74 Whereas the primary waves may have frequencies in the 
kHz band, the memory builds up on the timescale of the primary energy emis
sion profile, which is likely to be of order 0.01 sec, corresponding to a memory 
frequency in the optimal band for the LIGO/VIRGO workhorse interferometers, 
~ 100 Hz. Unfortunately, the memory is so weak that only very advanced in
terferometers have much chance of detecting and studying it—and then, perhaps 
only for BH/BH coalescences and not for NS/NS or NS/BH. 7 5 



6 Other High-Frequency Sources 

6.1 Stellar Core Collapse and Supernovae 
When the core of a massive star has exhausted its supply of nuclear fuel, it col
lapses to form a neutron star or black hole. In some cases, the collapse triggers 
and powers a subsequent explosion of the star's mantle—a supernova explosion. 
Despite extensive theoretical efforts for more than 30 years, and despite wonderful 
observational data from Supernova 1987A, theorists are still far from a definitive 
understanding of the details of the collapse and explosion. The details are highly 
complex and may differ greatly from one core collapse to another.76 

Several features of the collapse and the core's subsequent evolution can produce 
significant gravitational radiation in the high-frequency band. We shall consider 
these features in turn, the most weakly radiating first. 

Boiling of the Newborn Neutron Star 

Even if the collapse is spherical, so it cannot radiate any gravitational waves at 
all, it should produce a convectively unstable neutron star that "boils" vigorously 
(and nonspherically) for the first ~ 0.1 second of its life.77 The boiling dredges 
up high-temperature nuclear matter (T ~ 10 1 2 K) from the neutron star's central 
regions, bringing it to the surface (to the ̂ "neutrino-sphere"), where it cools by 
neutrino emission before being swept back downward and reheated. Burrows 
estimates 7 8' 7 9 that the boiling should generate n ~ 10 cycles of gravitational 
waves with frequency / ~ 100 Hz and amplitude fc~3x 10 _ 2 2(30 kpc/r) (where 
r is the distance to the source), corresponding to a characteristic amplitude hc a 
hy/n ~ 10-2 1(30 kpc/r), cf. Fig. 12. LIGO/VIRGO will be able to detect such 
waves only in the local group of galaxies, where the supernova rate is probably 
no larger than ~ 1 every ten years. However, neutrino detectors have a similar 
range, and there could be a high scientific payoff from correlated observations 
of the gravitational waves emitted by the boiling's mass motions and neutrinos 
emitted from the boiling neutrino-sphere. 

Axisymmetric Collapse, Bounce, and Oscillations 

Rotation will centrifugally flatten the collapsing core, enabling it to radiate as 
it implodes. If the core's angular momentum is small enough that centrifugal forces 
do not halt or strongly slow the collapse before it reaches nuclear densities, then 
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Figure 12: Characteristic amplitudes of the gravitational waves from various pro
cesses accompanying stellar core collapse and supernovae, compared with pro
jected sensitivities of LIGO's interferometers. 

the core's collapse, bounce, and subsequent oscillations are likely to be axially sym
metric. Numerical simulations80'81 show that in this case, the waves from collapse, 
bounce, and oscillation will be quite weak: the total energy radiated as gravita
tional waves is hot likely to exceed ~ 10~7 solar masses (about one part in a million 
of the collapse energy) and might often be much less than this; and correspond
ingly, the waves' characteristic amplitude will be hc & 3 x 10~21(30 kpc/r). These 
collapse-and-bounce waves will come off at frequencies ~ 200 Hz to ~ 1000 Hz 
and will precede the boiling waves by a fraction of a second. Like the boiling 
waves, they probably cannot be seen by LIGO/VIRGO beyond the local group of 
galaxies and thus will be a very rare occurrence. 

Rotation-Induced Bars and Break-Up 

If the core's rotation is large enough to strongly flatten the core before or as 
it reaches nuclear density, then a dynamical and/or secular instability is likely 
to break the core's axisymmetry. The core will be transformed into a bar-like 
configuration that spins end-over-end like an American football, and that might 
even break up into two or more massive pieces. In this case, the radiation from 
the spinning bar or orbiting pieces could be almost as strong as that from a 



coalescing neutron-star binary, and thus, could be seen by the LIGO/VIRGO first 
interferometers out to the distance of the Virgo cluster (where the supernova rate 
is several per year) and by advanced interferometers out to several hundred Mpc 
(supernova rate ~ 104 per year), cf. Fig. 12. It is far from clear what fraction of 
collapsing cores will have enough angular momentum to break their axisymmetry, 
and what fraction of those will actually radiate at this high rate; but even if only 
~ 1/1000 or 1/104 do so, this could ultimately be a very interesting source for 
LIGO/VIRGO. 

Several specific scenarios for such nonaxisymmetry have been identified: 
Centrifugal hangup at ~ 100 km radius: If the precollapse core is rapidly 

spinning (e.g., if it is a white dwarf that has been spun up by accretion from a 
companion), then the collapse may produce a highly flattened, centrifugally sup
ported disk with most of its mass at radii R ~ 100 km, which then (via instability) 
may transform itself into a bar or may bifurcate. The bar or bifurcated lumps will 
radiate gravitational waves at twice their rotation frequency, / ~ 100 Hz—the op
timal frequency for LIGO/VIRGO interferometers. To shrink on down to ~ 10 km 
size, this configuration must shed most of its angular momentum. If a. substantial 
fraction of the angular momentum goes into gravitational waves, then indepen
dently of the strength of the bar, the waves will be nearly as strong as those from 
a coalescing binary. The reason is the waves' amplitude h is proportional to the 
bar's ellipticity e, the number of cycles n of wave emission is proportional to 1/e2, 
and the characteristic amplitude hc •=• hy/n is thus independent of the ellipticity 
and is about the same whether the configuration is a bar or is two lumps.3 7 The 
resulting waves will thus have hc roughly half as large, at / ~ 100 Hz, as the hc 

from a NS/NS binary (half as large because each lump might be half as massive 
as a NS), and the waves will chirp upward in frequency in a manner similar to 
those from a binary. 

It is rather likely, however, that most of excess angular momentum does not 
go into gravitational waves, but instead, goes largely into hydrodynamic -waves as 
the bar or lumps, acting like a propeller to stir up the surrounding stellar mantle. 
In this case, the radiation will be correspondingly weaker. 

Centrifugal hangup at ~ 20 km radius: Lai and Shapiro8 2 have explored 
the case of centrifugal hangup at radii not much larger than the final neutron 
star, say R ~ 20 km. Using compressible ellipsoidal models, they have deduced 
that, after a brief period of dynamical bar-mode instability with wave emission at 

/ ~ 1000 Hz (explored by Houser, Centrella, and Smith 8 3), the star switches to 
a secular instability in which the bar's angular velocity gradually slows while the 
material of which it is made retains its high rotation speed and circulates through 
the slowing bar. The slowing bar emits waves that sweep downward in frequency 
through the LIGO/VIRGO optimal band / ~ 100 Hz, toward ~ 10 Hz. The 
characteristic amplitude (Fig. 12) is only modestly smaller than for the upward-
sweeping waves from hangup at R ~ 100 km, and thus, such waves should be 
detectable near the Virgo Cluster by the first LIGO/VIRGO interferometers, and 
at distances of a few 100 Mpc by advanced interferometers. 

Successive fragmentations of an accreting, newborn neutron star: 
Bonnell and Pringle84 have focused on the evolution of the rapidly spinning, new
born neutron star as it quickly accretes more and more mass from the presupernova 
star's inner mantle. If the accreting material carries high angular momentum, it 
may trigger a renewed bar formation, lump formation, wave emission, and coales
cence, followed by more accretion, bar and lump' formation, wave emission, and 
coalescence. Bonnell and Pringle speculate that hydrodynamics, not wave emis
sion, will drive this evolution, but that the total energy going into gravitational 
waves might be as large as ~ 10~3 M©. This corresponds to hc ~ 10~21(10 Mpc/r). 

6.2 Spinning Neutron Stars; Pulsars 
As the neutron star settles down into its final state, its crust begins to solidify 
(crystalize). The solid crust will assume nearly the oblate axisymmetric shape that 
centrifugal forces are trying to maintain, with poloidal ellipticity ep oc (angular 
velocity of rotation).2 However, the principal axis of the star's moment of inertia 
tensor may deviate from its spin axis by some small "wobble angle" 0W, and the 
star may deviate slightly from axisymmetry about its principal axis; i.e., it may 
have a slight ellipticity €„ <g ep in its equatorial plane. 

As this slightly imperfect crust spins, it will radiate gravitational waves:85 

ee radiates at twice the rotation frequency, / = 2 ft(A with h oc e e, and the wobble 
angle couples to ep to produce waves at / = / r o t + / p r e c (the precessional sideband 
of the rotation frequency) with amplitude h oc 6wtp. For typical neutron-star 
masses and moments of inertia, the wave amplitudes are 

»-••» r-(i*k) ,( i? !)( sSS*)- <5> 



The neutron star gradually spins down, due in part to gravitational-wave emis
sion, but perhaps more strongly due to electromagnetic torques associated with its 
spinning magnetic field and pulsar emission. This spin-down reduces the strength 
of centrifugal forces and thereby causes the star's poloidal ellipticity ep to decrease, 
with an accompanying breakage and resolidification of its crust's crystal structure 
(a "starquake").86 In each starquake, 0W, et, and ep will all change suddenly, 
thereby changing the amplitudes and frequencies of the star's two gravitational 
"spectral lines" / = 2 / r o t and / = / T O l + / p r e c . After each quake, there should 
be a healing period in which the star's fluid core and solid crust, now rotating 
at different speeds, gradually regain synchronism. By monitoring the amplitudes, 
frequencies, and phases of the two gravitational-wave spectral lines, and by com
paring with timing of the electromagnetic pulsar emission, one might learn much 
about the physics of the neutron-star interior. 

How large will the quantities ee and 0wep be? Rough estimates of the crustal 
shear moduli and breaking strengths suggest an upper limit in the range e m a x ~ 
10~4 to 10~6, and it might be that typical values are far below this. We are 
extremely ignorant, and correspondingly, there is much to be learned from searches 
for gravitational waves from spinning neutron stars. 

One can estimate the sensitivity of LIGO/VIRGO (or any other broad-band 
detector) to the periodic waves from such a source by multiplying the waves' 
amplitude h by the square root of the number of cycles over which one might 
integrate to find the signal, n = / f where f is the integration time. The resulting 
effective signal strength, hyjn, is larger than h by 

^ = - ^ = 1 ° 5 ( l M ) I / 2 ( 4 l n l s h s ) 1 / 2 - « 
This h\pn should be compared (1) to the detector's rms broad-band noise level 
for sources in a random direction, V^hrms, to deduce a signal-to-noise ratio, or 
(2) to ksB to deduce a sensitivity for high-confidence detection when one does not 
know the waves' frequency in advance.6 Such a comparison suggests that the first 
interferometers in LIGO/VIRGO might possibly see waves from nearby spinning 
neutron stars, but the odds of success are very unclear. 

The deepest searches for these nearly periodic waves will be performed by 
narrow-band detectors, whose sensitivities are enhanced near some chosen fre
quency at the price of sensitivity loss elsewhere—e.g., dual-recycled interferome
ters 6 5 or resonant-mass antennas (Sec. 4). With "advanced-detector technology," 

dual-recycled interferometers might be able to detect with confidence all spinning 
neutron stars that have6 

"^''"•firl'Us)' (7) 

There may well be a large number of such neutron stars in our galaxy; but it is 
also conceivable that there are none. We are extremely ignorant. 

Some cause for optimism arises from several physical mechanisms that might 
generate radiating ellipticities large compared to 3 X 10" 1 0: 

• It may be that, inside the superconducting cores of many neutron stars, 
there are trapped magnetic fields with mean strength 10 1 3 G or 
even 10 1 5 G. Because such a field is actually concentrated in flux tubes with 
B = B„\t ~ 6 X 10 1 4 G surrounded by a field-free superconductor, its mean 
pressure is PB = #core5crit/87r. This pressure could produce a radiating 
ellipticity ee ~ 8wep ~ pB/p ~ l O ^ i ^ / l O 1 3 G (where p is the core's 
material pressure). 

• Accretion onto a spinning neutron star can drive precession (keeping 8m sub
stantially nonzero), and thereby might produce measurably strong waves.87 

• If a neutron star is born rotating very rapidly, then it may experience a 
gravitational-radiation-reaction-driven instability. In this "CFS" (Chandra-
sekhar,88 Friedman, Schutz89) instability, density waves propagate around 
the star in the opposite direction to its rotation, but are dragged forward 
by the rotation. These density waves produce gravitational waves that carry 
positive energy as seen by observers far from the star, but negative energy 
from the star's viewpoint; and because the star thinks it is losing negative 
energy, its density waves get amplified. This intriguing mechanism is similar 
to that by which spiral density waves are produced in galaxies. Although the 
CFS instability was once thought ubiquitous for spinning stars, 8 9 , 9 0 we now 
know that neutron-star viscosity will kill it, stabilizing the star and turning 
off the waves, when the star's temperature is above some limit ~ 10 1 0 K 
(Ref. 91) and below some limit ~ 109K (Ref. 92); and correspondingly, the 
instability should operate only during the first few years of a neutron star's 
life, when 109 K £ T £ 10 1 0 K. 



6.3 Stochastic Background 

There should be a stochastic background of gravitational waves in the high-
frequency band produced by processes in the early universe. Because this back
ground will extend over all gravitational-wave frequencies, not just high frequen
cies, we shall delay discussing it until Sec. 9. 

7 LISA: The Laser Interferometer Space 
Antenna 

Turn now, from the high-frequency band, 1-104 Hz, to the low-frequency band, 
10" 4-1 Hz. At present, the most sensitive gravitational-wave searches at low 
frequencies are those carried out by researchers at NASA's Jet Propulsion Labo
ratory, using microwave-frequency Doppler tracking of interplanetary spacecraft. 
These searches are done at rather low cost, piggy-backing missions designed for 
other purposes. Although they have a possibility of success, the odds are against 
them. Their best past sensitivities to bursts, for example, have been /»SB ~ 10~M, 
and prospects are good for reaching ~ 10" l s -10~ 1 6 in the next five to ten years. 
However, the strongest low-frequency bursts arriving several times per year might 
be no larger than ~ 10~1 8; and the domain of an assured plethora of signals is 
hSB ~ 10- 1 9 -10- 2 0 . 

To reach into this assured-detection domain will almost certainly require switch
ing from microwave-frequency tracking of spacecraft (with its large noise due to 
fluctuating dispersion in the troposphere and interplanetary plasma) to optical 
tracking. Such a switch is planned for the 2014 time frame or sooner, when the 
European Space Agency (ESA) and/or NASA is likely to fly the Laser Interfer
ometer Space Antenna, LISA. 

7.1 Mission Status 

LISA is largely an outgrowth of 15 years of studies by Peter Bender and colleagues 
at the University of Colorado. In 1990, NASA's Ad Hoc Committee on Gravita
tion Physics and Astronomy selected a LISA-type gravitational-wave detector as 
its highest priority in the large space mission category;93 and since then, enthusi
asm for LISA has continued to grow within the American gravitation community. 

Figure 13: LISA'S orbital configuration, with LISA magnified in arm length by a 
factor ~ 10 relative to the solar system. 

Unfortunately, the prospects for NASA to fly such a mission did not look good 
in the early 1990s. By contrast, prospects in Europe looked much better, so a 
largely European consortium was put together in 1993, under the leadership of 
Karsten Danzmann (Hannover) and James Hough (Glasgow), to propose LISA 
to the ESA. This proposal has met with considerable success; LISA might well 
achieve approval to fly as an ESA Cornerstone Mission around 2014.94 Members 
of the American gravitation community and members of the LISA team hope that 
NASA will join together with ESA in this endeavor, and that working jointly, ESA 
and NASA will be able to fly LISA considerably sooner than 2014. 

7.2 Mission Configuration 

As presently conceived, LISA will consist of six compact, drag-free spacecrafts 
(i.e., spacecrafts that are shielded from buffeting by solar wind and radiation 
pressure) which therefore move very nearly on geodesies of spacetime. All six 
spacecrafts would be launched simultaneously by a single Ariane rocket. They 
would be placed into the same heliocentric orbit as the Earth occupies but would 
follow 20° behind the Earth; cf. Fig. 13. The spacecrafts would fly in pairs, with 
each pair at the vertex of an equilateral triangle that is inclined at an angle of 
60° to the Earth's orbital plane. The triangle's arm length would be 5 million km 



(108 times larger than LIGO's arms!). The six spacecrafts would track each other 
optically, using one-Watt YAG laser beams. Because of diffraction losses over 
the 5 x 10s km arm length, it is not feasible to reflect the beams back and forth 
between mirrors as is done with LIGO. Instead, each spacecraft will have its own 
laser; and the lasers will be phase locked to each other, thereby achieving the same 
kind of phase-coherent out-and-back light travel as LIGO achieves with mirrors. 
The six-laser, six-spacecraft configuration thereby functions as three, partially-
independent, but partially-redundant, gravitational-wave interferometers. 

7.3 Noise and Sensitivity 

Figure 14 depicts the expected noise and sensitivity of LISA in the same language 
as we have used for LIGO (Fig. 5). The curve at the bottom of the stippled region 
is hms, the rms noise, in a bandwidth equal to frequency, for waves with optimum 
direction and polarization. The top of the stippled region is HSB = 5^/5 hms, the 
sensitivity for high-confidence detection (S/N = 5) of a broad-band burst coming 
from a random direction, assuming Gaussian noise. 

At frequencies / £ 10~3 Hz, LISA'S noise is due to photon counting statistics 
(shot noise). The noise curve steepens at / ~ 3 x 10" 2 Hz because at lower fre
quencies the waves' period is longer than the round-trip light travel time in one of 
LISA's arms. Below 10" 3 Hz, the noise is due to buffeting-induced random motions 
of the spacecraft that are not being properly removed by the drag-compensation 
system. Notice that, in terms of dimensionless amplitude, LISA's sensitivity is 
roughly the same as that of LIGO's first interferometers (Fig. 9), but at 100,000 
times lower frequency. Since the waves' energy flux scales as f2h2, this corresponds 
to 10 1 0 better energy sensitivity than LIGO. 

7.4 Observational Strategy 

LISA can detect and study, simultaneously, a wide variety of different sources 
scattered over all directions on the sky. The key to distinguishing the different 
sources is the different time evolution of their waveforms. The key to determining 
each source's direction, and confirming that it is real and not just noise, is the 
manner in which its waves' amplitude and frequency are modulated by LISA's 
complicated orbital motion—a motion in which the interferometer triangle rotates 
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Figure 14: LISA's projected broad-band noise hms and sensitivity to bursts hsn, 
compared with the strengths of the waves from several low-frequency sources. 
[Note: When members of the LISA team plot curves analogous to this, they 
show the sensitivity curve (top of stippled region) in units of the amplitude 
of a periodic signal that can be detected with S/N = 5 in one year of inte
gration; that sensitivity to periodic sources is related to the HSB used here by 
hsp - W V 7 • 3 x 10'sec] 



around its center once per year, and the interferometer plane precesses around the 
normal to the Earth's orbit once per year. Most sources will be observed for a 
year or longer, thereby making full use of these modulations. 

8 Low-Frequency Gravitational-Wave Sources 

8.1 Waves from Binary Stars 

LISA has a large class of guaranteed sources—short-period binary stars in our 
own galaxy. A specific example is the classic binary 44 i Boo (HD133640), a 
1.35 JW0/O.68 MQ system just 12 parsecs from Earth, whose wave frequency / 
and characteristic amplitude hc = hy/n are depicted in Fig. 14. (Here, h is the 
waves' actual amplitude and n = / f is the number of wave cycles during f = 1 
year of signal integration). Since 44 i Boo lies right on the /ISB curve, its signal-
to-noise ratio in one year of integration should be S/N = 5. 

To have an especially short period, a binary must be made of especially com
pact bodies—white dwarfs (WD), neutron stars (NS), and/or black holes (BH). 
WD/WD binaries are thought to be so numerous that they may produce a stochas
tic background of gravitational waves, at the level shown in Fig. 14, that will hide 
some other interesting waves from view.95 Since WD/WD binaries are very dim 
optically, their actual numbers are not known for sure; Fig. 14 might be an over
estimate. 

Assuming a NS/NS coalescence rate of one each 105 years in our galaxy, 2 7 ' 2 8 

the shortest period NS/NS binary should have a remaining life of about 5 X 104 

years, corresponding to a gravitational-wave frequency today of / ci 5 x 10~3 Hz, 
an amplitude (at about 10 kpc distance) h ~ 4 x 10~ 2 2, and a characteristic 
amplitude (with one year of integration time) / i , ~ 2 x 10 - 1 9 . This is depicted in 
Fig. 14 at the right edge of the region marked "brightest NS/NS binaries." These 
brightest NS/NS binaries can be studied by LISA with the impressive signal-to-
noise ratios S/N ~ 50 to 500. 

8.2 Waves from the Coalescence of Massive Black Holes 
in Distant Galaxies 

LISA would be a powerful instrument for studying massive black holes in distant 
galaxies. Figure 14 shows, as examples, the waves from several massive black hole 
binaries at a 3 Gpc distance from Earth (a cosmological redshift of unity). The 
waves sweep upward in frequency (rightward in the diagram) as the holes spiral 
together. The black dots show the waves' frequency one year before the holes' 
final collision and coalescence, and the arrowed lines show the sweep of frequency 
and characteristic amplitude hc = hy/n during that last year. For simplicity, 
the figure is restricted to binaries with equal-mass black holes: 104 MQ/104 MQ, 
105 A-/o/105 MQ, and 106 Af o/10 6 MQ. 

By extrapolation from these three examples, we see that LISA can study much 
of the last year of inspiral, and the waves from the final collision and coales
cence, whenever the holes' masses are in the range 3 x 104 M© ^ M ^ 108 MQ. 
Moreover, LISA can study the final coalescences with remarkable signal to noise 
ratios: S/N £ 1000. Since these are much larger S/N's than LIGO/VIRGO is 
likely to achieve, we can expect LISA to refine the experimental understanding of 
black-hole physics and of highly nonlinear vibrations of warped spacetime, which 
LIGO/VIRGO initiates—provided the rate of massive black-hole coalescences is 
of order of one per year in the Universe or higher. The rate might well be that 
high, but it also might be much lower. 

By extrapolating Fig. 14 to lower BH/BH masses, we see that LISAcan observe 
the last few years of inspiral, but not the final collisions, of binary black holes in 
the range 100 MQ & M ;$ 104 MQ, out to cosmological distances. 

Extrapolating the BH/BH curves to lower frequencies using the formula (time 
to final coalescence) oc f~8^3, we see that equal-mass BH/BH binaries enter LISA'S 
frequency band roughly 1000 years before their final coalescences, more or less in
dependently of their masses, for the range 100 MQ & M & 106 MQ. Thus, if 
the coalescence rate were to turn out to be one per year, LISA would see roughly 
1000 additional massive binaries that are slowly spiraling inward, with inspiral 
rates df/dt readily measurable. From the inspiral rates, the amplitudes of the two 
polarizations, and the waves' harmonic content, LISA can determine each such 



binary's luminosity distance, redshiftcd chirp mass (1 + z) Mc, orbital inclination, 
and eccentricity; and from the waves' modulation by LISA'S orbital motion, LISA 
can learn the direction to the binary with an accuracy of order of one degree. 

8.3 Waves from Compact Bodies Spiraling into Massive 
Black Holes in Distant Galaxies 

When a compact body with mass fi spirals into a much more massive black 
hole with mass M, the body's orbital energy E at fixed frequency / (and cor
respondingly at fixed orbital radius o) scales as E <x /x, the gravitational-wave 
luminosity E scales as E cc //2, and the time to final coalescence thus scales as 
t ~ E/E oc l//i. This means that the smaller is ii/M, the more orbits are spent 
in the hole's strong-gravity region, a & 10 GM/<?, and thus, the more detailed 
and accurate will be the map of the hole's spacetime geometry, which is encoded 
in the emitted waves. 

For holes observed by LIGO/VIRGO, the most extreme mass ratio that we 
can hope for is (i/M ~ 1 M0/3OO MQ, since for M > 300 MQ, the inspiral waves 
are pushed to frequencies below the LIGO/VIRGO band. This limit on \ifM 
seriously constrains the accuracy with which LIGO/VIRGO can hope to map out 
the spacetime geometries of black holes and test the black-hole no-hair theorem62 

- " *(erid of Sec. 5.3). By contrast, LISA can-observe the final inspiraLwaves from 
objects of any mass M £; 0.5 MQ spiraling into holes of mass 3 x 105 MQ ^ M ;£ 
3 X 107 MQ. 

Figure 14 shows the example of a 10 MQ black hole spiraling into a 106 MQ 
hole at a 3 Gpc distance. The inspiral orbit and waves are strongly influenced 
by the hole's spin. Two cases are shown:96 an inspiraling circular orbit around 
a nonspinning hole, and a prograde, circular, equatorial orbit around a maxi
mally spinning hole. In each case, the dot at the upper left end of the arrowed 
curve is the frequency and characteristic amplitude one year before the final co
alescence. In the nonspinning case, the small hole spends its last year spiraling 
inward from r cz 7.4 GM/<? (3.7 Schwarzschild radii) to its last stable circular 
orbit at r = 6 GAf/c2 (3 Schwarzschild radii). In the maximal spin case, the 
last year is spent traveling from r = 6 GM/c? (3 Schwarzschild radii) to the last 
stable orbit at r = GM/<? (half a Schwarzschild radius). The ~ 105 cycles of 
waves during this last year should carry, encoded in themselves, rather accurate 

values for the massive hole's lowest few multipole moments.97 If the measured 
moments satisfy the "no-hair" theorem (i.e., if they are all determined uniquely 
by the measured mass and spin in the manner of the Kerr metric), then we can 
be sure the central body is a black hole. If they violate the no-hair theorem, then 
(assuming general relativity is correct), either the central body was not a black 
hole, or an accretion disk or other material was perturbing its orbit. 9 8 From the 
evolution of the waves, one can hope to determine which is the case and to explore 
the properties of the central body and its environment.62 

Models of galactic nuclei, where massive holes reside, suggest that inspiraling 
stars and small holes typically will be in rather eccentric orbits.9 9 This is because 
they get injected into such orbits via gravitational deflections off other stars, 
and by the time gravitational radiation reaction becomes the dominant orbital 
driving force, there is not enough inspiral left to fully circularize their orbits. Such 
orbital eccentricity will complicate the waveforms and complicate the extraction 
of information from them. Efforts to understand the emitted waveforms are just 
now getting underway. 

The event rates for inspiral into massive black holes are not at all well under
stood. However, since a significant fraction of all galactic nuclei are thought to 
contain massive holes, and since white dwarfs and neutron stars, as well as small 
black holes, can withstand tidal disruption as they plunge toward the massive 
hole's horizon, and since LISA can see inspiraling bodies as small as ~ 0.5 MQ 
out to a 3 Gpc distance, the event rate is likely to be interestingly large. 

9 The Stochastic Gravitational-Wave Background 
Processes in the early universe should have produced a stochastic background 
of gravitational waves that extends through the entire frequency range from ex
tremely low frequencies / ~ 10~ 1 8 Hz to the high-frequency band / ~ 1—104 Hz 
and beyond. 

9.1 Primordial Gravitational Waves 
The most interesting background would be that produced in the Big Bang itself. 
Zel'dovich and Novikov have estimated1 0 0 that the optical thickness of primordial 
matter to gravitational waves has been small compared to unity at all times since 



the Planck era, when space and time came into being, and that therefore, pri
mordial gravitational waves (by contrast with electromagnetic) should not have 
been thermalized by interactions with matter. On the other hand (as Grishchuk 
has shown 1 0 1), whatever might have been the state of the graviton field when 
it emerged from the Big Bang's Planck era, it should have interacted with the 
subsequent, early-time expansion of the universe to produce, via parametric am
plification, a rich spectrum of stochastic waves today. The details of that spectrum 
depend on what emerged from the Planck era and on the evolution a(t) of the 
universal expansion factor at early times. 

The gravitational-wave spectrum is generally described by the quantity ft, (/) = 
(energy density in a bandwidth equal to frequency /)/(energy density required to 
close the universe); cf. Sec. 2.3. The observed quadrupolar anisotropy of the cos
mic microwave radiation places a limit ft, ^ 10" 9 at / ~ 10~ 1 8 Hz (Sec. 2.4). It 
is fashionable to extrapolate this limit to higher frequencies by assuming that the 
graviton field emerged from the Planck era in its vacuum state and assuming that 
the universal expansion a(t) was that of an inflationary era a oc em for some con
stant H, followed by a radiation-dominated Friedman era a oc t 1 ' 2 , followed by the 
present matter-dominated era a oc t2?3. This standard model produces a flat spec
trum ft, independent of / for all waves that entered our cosmological horizon dur
ing the radiation-dominated era, which means at all frequencies from ~ 1 0 - 1 6 Hz 
up through the high-frequency band and somewhat beyond. The observational 
limit at 10~ 1 8 Hz implies that this constant value is ft, £ 3 x 10~ 1 4 (Refe. 12 and 
102). So a weak background cannot be detected by LIGO in the high-frequency 
band, nor by LISA at low frequencies, nor by pulsar timing at very low frequencies. 
LIGO's limiting sensitivities will correspond to ft, ~ (a few) x 10~7 at / ~ 102 Hz 
for the first interferometers, and ft, ~ (a few) x 10~ 1 0 for advanced interferome
ters; 1 0 3 LISA'S sensitivity will correspond to ft, ~ (a few) x 10" 1 0 at / ~ 10~3 Hz; 
and the present pulsar timing measurements correspond to ft, ~ (a few) x 1 0 - 8 

at / ~ 4 x 10" 9 Hz (Sec. 2.3 and Ref. 9). 

On the other hand, if the graviton field did not begin in its vacuum state, or 
if the equation of state in the very early Friedman era was stifier than that of 
radiation, then the primordial backgrounds at high, low, and very low frequencies 
could be significantly stronger than ft ~ 3 x 10~1 4 and could be strong enough to 
detect. 

9.2 Waves from Phase Transitions in the Early Universe 
A stochastic background could also have been produced by phase transitions in 
the early universe.1 0'1'1 0 5 No known phase transition would put its waves into the 
high-frequency band, and even hypothetical phase transitions, optimized at high-
frequencies, can be only strong enough for marginal detection by advanced LIGO 
interferometers. The prospects for LISA are a little better. A strongly first-order 
electroweak phase transition could produce low-frequency waves strong enough 
for LISA to'detect. 1 0 5 

9.3 Waves from Cosmic Strings 
If cosmic strings 1 0 6 were produced in the early universe in as large numbers as 
some theorists have suggested,10'11 their vibrations would produce a gravitational 
wave spectrum that is frequency independent, ft, = const, from below the very-
low-frequency band where pulsar timing operates, through LISA'S low-frequency 
band, and on into and through the high-frequency band. Theory suggests107 

that such waves could be as strong as ft, ~ 10~7—a level that is already being 
constrained by pulsar timing observations (Sec. 2.3). LIGO's first interferometers 
will operate at this same level, and by the time LIGO's advanced interferometers 
and LISA reach ft, ~ (a few) x 10" 1 0, pulsar timing might be in that same range. 

To summarize: there are known mechanisms that could easily produce a mea
surable stochastic background in the high-, low-, and very-low-frequency bands. 
However, the odds of the background being that large, based on currently fash
ionable ideas, are not great. Despite this, a vigorous effort to detect background 
waves and to map their spectrum will surely be made, since the cosmological 
implications of their discovery could be profound. 

10 Conclusion 
It is now 35 years since Joseph Weber initiated his pioneering development of 
gravitational-wave detectors23 and 25 years since Forward108 and Weiss16 initiated 
work on interferometric detectors. Since then, hundreds of talented experimental 
physicists have struggled to improve the sensitivities of these instruments. At 
last, success is in sight. If the source estimates described in this review article 



are approximately correct, then the planned interferometers should detect the first 
waves in 2001 or several years thereafter, thereby opening up this rich new window 
onto the universe. 
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ABSTRACT 

The acceleration gradient of a conventional RF accelerator is limited to about 

50 MeV/m. To generate TeV electrons for next generation high energy physics, an 

RF accelerator would require a distance exceeding 20 km. In this paper, we 

propose a dielectric-based, multistaged, laser-driven electron linear accelerator 

operating in a vacuum that is capable of providing 1 TeV electrons in 1 km. Our 

study shows that GeV/m gradient and luminosity of ~ 10" c m - 2 • sec"1 are 

achievable using two focused crossed-Iaser beams, repeated every 330 |im, 

operated at a peak laser power of 0.2 GW per accelerator stage, a repetition rate 

of ~ 30 kHz, and an energy density of less than 2 . / /cm 2 on optical components 

for 100 fsec laser pulses. Cylindrical focusing shows a higher acceleration gradient 

than spherical focusing under the same laser damage threshold on optical 

components. Our three-dimensional computer simulations indicate superior 

electron beam characteristics from the proposed accelerator structure. The 

accelerator structure can be fabricated on silicon substrates by using modern 

lithographic technology. 

*This manuscript represents the second of two lectures on "Laser Technology and 

Astrophysics" given by R. L. Byer at the 1994 Summer School. 
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1. Introduction 
The maximum acceleration gradient of an RF accelerator is primarily limited by the 

structure breakdown under intense RF fields. In a conventional S-band RF accelerator, 

field emission on the copper wall occurs when the peak acceleration gradient reaches 

~100MeV/m (Ref. 1). The average acceleration gradient of an RF accelerator is thus 

limited to about 50 MeV/m. To reach the TeV energy region desired for the next linear 

collider using presently existing RF schemes requires tens of kilometers of accelerator 

structure. 

The evolution of the RF driven linear accelerator over the past 50 years has been 

remarkable. The first accelerator constructed by Hansen at Stanford in 1949, which was 

only of 1 m length, led in successive stages to SLAC and energy levels in excess 

of 30 GeV. However, as noted by Livingston2 in the early 1960s, the end of one 

technology for generating higher energies is often succeeded by a new technology for 

acceleration to greater energy levels. We believe that the laser source, coupled to a 

dielectric-based accelerator lattice operating in a vacuum, is now ready to lead the way to 

TeV energies in kilometer-length structures. 

Thirty years after its invention, the laser has recently seen unprecedented advances 

in efficiency, peak power, average power, and stability. It now appears that solid state 

lasers driven by 40% efficient laser diode arrays will meet the peak and average power 

levels required for laser acceleration. These levels, as shown in this paper, are peak 

powers of 0.2 GW at 100 fsec pulses at - 30 Hz repetition rate for each of ~ 106 

successive focal zones. 

With the rapid advance of laser technology, one can obtain terawatt-class, pulsed 

solid-state lasers at the required efficiency and average power. Diode-pumped solid state 

lasers bring additional advantages of solid state reliability and a high electrical efficiency of 

10%, with the potential of approaching 20% (Ref. 3). The laser accelerator gradient, like 

the RF accelerator gradient, is limited by damage. Figure 1(a) shows the damage fluence 

in .//cm2 of dielectric4 and copper5 surfaces vs. laser pulse length, r . The threshold 

damage fluence for dielectric is about an order of magnitude higher than that for copper. 
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Figure 1: (a) Damage threshold fluence for a dielectric and copper vs. laser pulse 
length. Dielectric can sustain a fluence that is one order of magnitude 
higher than copper, (b) Surface field strength (the maximum 
acceleration gradient) at damage threshold. Laser sources that operate 
at the corresponding pulse lengths are indicated on the graph. 

Given the surface damage fluence and pulse lengths shown in Fig. 1(a), Fig. 1(b) 

shows the breakdown electric field on the material surface given by -

where J is the surface damage fluence, and r\ = "ill SI is the wave impedance in vacuum. 

The surface field strength in Fig. 1(b) is the maximum acceleration gradient for a laser-

driven linear accelerator set by the damage limit. 

With the evidence in Fig. 1(b), laser acceleration using dielectric boundaries is the 

most probable scheme for achieving GeV/m gradients and for building future TeV electron 

accelerators at existing laboratory sites. Laser sources that may meet the peak and average 

power requirements at the 100 fseclO-psec pulse width are indicated on the same plot. 

From a laser engineer's point of view, a Ti:Sapphire laser is ideal for generating 

femtosecond pulses but may not be as efficient as other solid-state lasers for generating 

peak and average power in the picosecond regime. The acceleration gradient scaling vs. 

pulse length is discussed in Sec. 5. 

In addition to building TeV-class accelerators within a manageable distance, laser 

acceleration has several desirable features: 

1. High repetition rate: terawatt-class, mode-locked lasers can operate at a few tens of 

kilohertz. A high repetition rate means high average beam brightness and high 

luminosity for experiments. A high repetition rate also allows active feedback for the 

control of the accelerator structure alignment. 

2. Short electron bunch: an ultrashort electron pulse on the order of one femtosecond is 

formed in each optical cycle. In synchrotron radiation or undulator radiation, the 

radiation power is linearly proportional to the electron current if the electron bunch 

length is longer than the radiation wavelength, whereas it is proportional to the square 

of the number of electrons when the bunch length is comparable or shorter than the 

radiation wavelength. Ultrashort electron bunch generated coherent radiation also 

allows researchers to explore ultrafast phenomena in various disciplines of science. 



3. Simplicity and compactness: a laser accelerator uses off-the-shelf, bench-top laser 

sources and does not require bulky and costly high-voltage modulators and pulse-

forming networks. Its high acceleration gradient opens the possibility of building micro 

free-electron lasers or miniature MeV accelerators for hospital and industrial 

applications. 

In this paper, we present the theoretical background for laser acceleration. We 

then analyze the proposed crossed-laser-beam accelerator structure and evaluate its 

feasibility with current laser technology. In obtaining the GeV/m gradient, we take into 

account several practical considerations such as laser damage, the drift space occupied by 

optical components, fabrication tolerance, and radiation loss. We also present three-

dimensional particle simulation studies which demonstrate the ensemble behavior of 

electrons in a laser-driven linear accelerator. 

2. Theoretical Background 

One laser-acceleration approach is to duplicate the guided wave RF accelerator but on the 

scale of an optical wavelength. Zheng and Byer6 have evaluated a guided wave laser 

accelerator approach based on a rectilinear dielectric waveguide driven by 100 fsec laser 

pulses. They have shown this approach satisfies the requirements for energy and 

momentum conservation. However, it requires submicron feature sizes and submicron 

electron beam sizes, and may be susceptible to electron damage and/or laser beam 

damage. In their evaluation of the dielectric guided wave structure, Zheng and Byer noted 

the limitation that damage places on the acceleration gradient and recognized the 

advantages of a dielectric-based structure. 

In this paper, we extend the idea of a dielectric-based accelerator structure to a 

"semi-open" dielectric accelerator structure. We were led to this idea by noting that 

historically, the accelerator structures mimic the structure of the oscillators that produce 

the radiation. The semi-open dielectric structure resembles the laser resonator structure 

which is many wavelengths in length. The structure consists of a series of symmetrically 

focused laser beams at an angle to the electron beam in a geometry similar to that 

proposed by Haaland.7 The evolution is significant in that it provides for higher gradient, 

symmetrically accelerated electron bunches, and the potential for using modern 

lithography as the tool of choice to fabricate the structure at a precision and cost that are 

acceptable. 

Although nonlinear acceleration techniques such as inverse EEL, stimulated 

Compton scattering, or vacuum beat wave8 allow electron acceleration in vacuum, the 

electron's transverse motion causes severe radiation loss when the electron energy 

approaches GeV energy levels. It is now recognized that accelerators based on linear 

interaction with an electric field are the only approach for accelerating electrons to the 

TeV energy level. 

Linear-acceleration schemes include the two-beam accelerator,9,10 the plasma beat 

wave accelerator," the inverse Cherenkov accelerator,12 and the inverse Smith-Purcell 

accelerator.13 The two-beam accelerator, which uses RF power generated from a low-

energy beam, has reached an ~ 80 MeV/m gradient with a good efficiency. The plasma 

beat-wave accelerator, which uses two laser beams with a difference frequency close to 

the plasma frequency, produced a peak acceleration gradient of several GeV/m in a micro 

interaction zone. However, the complexity of generating the beat waves, and confining 

and multistaging the plasma imposes difficulties for achieving a GeV/m average gradient 

over a long distance. The proposed inverse Cherenkov and Smith-Purcell accelerators are 

not suitable for highly relativistic electrons because the phase matching requires that the 

ratio of the longitudinal electrical field (in the direction of electron acceleration) to the 

transverse field be proportional to 1/y, where y is the electron energy normalized to its 

rest energy. 

Free-space acceleration using laser beams is an appealing scheme, although it has 

been a subject of controversy in the literature. The main point of controversy relates to the 

Lawson-Woodward (LW) theorem14,15 which rules out the possibility of a net energy gain 

for a relativistic electron interacting linearly with electromagnetic waves in an unbounded 

vacuum. Edighoffer and Pantell16 pointed out that a plane-wave synthesized Gaussian 

beam, which is commonly used for describing optical beams, obeys the LW theorem, and 

that to achieve net acceleration, the laser beam must be terminated. Although Hauser 



etal" and Haaland7 calculated a significant energy gain for an electron traversing a laser 

focal zone over an indefinite distance, their analysis was incomplete in that they did not 

take into account the electrical field component in the propagation direction of the laser 

beam. Sprangle et al.% later corrected the mistake in Refs. (7) and (17) and proved that a 

crossed-laser-beam accelerator obeys the LW theorem. In other words, an electron may 

acquire a net energy from an electromagnetic wave via a linear process if the interaction 

length is finite. 

Another area of controversy is the legitimacy of using the Gaussian beam 

formulas," which do not satisfy Maxwell's equations exactly, for analyzing laser 

acceleration.16 Sprangle et al. justified the use of the Gaussian beam formulas under the 

paraxial approximation. We adopted Sprangle's methodology for our analysis in this 

paper. 

To our knowledge, very few people have proposed accelerator structures suitable 

for laser acceleration. Scully19 proposed a simple laser LINAC structure using the 

longitudinal field of a high order Gaussian mode or a transversely shifted fundamental 

Gaussian mode. However, further analysis is needed on the effects of the laser damage and 

the transverse field components, and on the failure of the paraxial approximation when the 

laser spot size is comparable to the wavelength. 

The phase velocity of an electromagnetic (EM) wave in vacuum is always larger 

than the electron velocity. Therefore, termination of the electromagnetic fields is necessary 

before the phase of the electromagnetic wave slips ahead of the electron by JC for net 

acceleration to occur. Pantell and Piestrup20 pointed out that energy exchange can occur 

within the n phase slip constraint. Steinhauser and Kimura later applied this argument to 

their axicon accelerator.21 One example of energy transfer that is not phase matched is the 

microwave electron gun 2 2 in which electrons starting from thermal velocities slip in phase 

by ~ 7t in the first gun cell and move into the second cell to catch another acceleration 

phase. In the following analysis for the crossed-laser-beam electron linear accelerator 

(LINAC), we terminate the laser fields after a finite interaction length which avoids the 

restriction of the LW theorem. 

A laser beam can be focused in one or two transverse dimensions. For two-
dimensional focusing, we present an acceleration analysis for on-axis electrons in Sec. 3, 
computer simulation in Sec. 4, and the corresponding laser requirements in Sec. 5. We 
then delineate the advantages of one-dimensional focusing in Sec. 6. 

3. Crossed-Laser-Beam Electron LINAC 
Propagating an electron through a laser focal zone at an offset angle to achieve electron 

acceleration by the tilted laser polarization was proposed in Refs. (17) and (20). Haaland7 

and Sprangle8 further discussed the crossed-laser-beam configuration that symmetrically 

cancels the two transverse laser fields while adding the two longitudinal fields along the 

electron axis. 

In this section, we present the basic theory, propose an optical configuration for 

the crossed-laser-beam accelerator, and calculate its energy gain and average acceleration 

gradient within the limit set by laser damage. 

3.1 Single-Stage Accelerator Structure 

Figure 2(a) shows the proposed crossed-laser-beam accelerator geometry, wherein an 

electron traverses the focal zone at an angle 0 with respect to the two laser beams. The 

insert in Fig. 2(a) defines the coordinates used in this paper. The unprimed coordinate 

system is the laboratory frame which includes the electron velocity axis, z. The primes 

indicate the rotated coordinates of the laser beams. The two laser beams are derived from 

a single laser source. They carry equal power and are phased such that on the z axis, the 

transverse fields (in x and>>) cancel and the longitudinal fields (in z) add. A crossed-laser-

beam accelerator employs the fundamental Gaussian mode and does not have the 

complexity of generating or transporting high order modes as does an axicon 

accelerator.21 The accelerator uses repetitive dielectric boundaries over a distance no 

greater than a n phase slip between the laser field and the electron in a vacuum. 

Figure 2(b) shows the proposed accelerator optical configuration for a single-stage 

accelerator. Two laser beams are back-coupled from the ± * directions into the microstage 

using two prisms. 
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Figure 2: (a) The schematic for a crossed-laser-beam accelerator. The electron 
traverses the focal zone at an angle 6 with respect to each of the two 
beams. The two laser beams are phased such that the longitudinal fields 
add and the transverse fields cancel, (b) The back-coupled scheme for a 
single microstage. This scheme avoids clipping laser power at the 
coupling prisms. The drift space occupied by optical components for 
each microstage is approximately two laser spot sizes, 2w. 
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In general, the fabrication of a high reflection (HR) coating is more complex than 

making antireflection (AR) coating. The total internal reflection (TIR) inside the prisms 

permits the use of AR coating for beam coupling. For a prism made of fused silica or 

silicon nitride, the incident angle at the TIR face is approximately 45° for a small 9. Two 

high-reflectivity coated flat mirrors provide a secondary deflection and direct the two laser 

beams into the center of the microstage. The double-deflection, back-coupled scheme 

allows the coupling points [labeled A and A' in Fig. 2(b)] on the prisms to be away from 

the z axis so that the laser beam clipping at the prism edges can be alleviated. This scheme 

allows a small crossing angle 6 at a maximum optical fluence on the HR flat mirror. Beam 

clipping at the prism sets the geometrical beam coupling condition: 

3 / x 0 > w , (1) 

where / is half of the interaction length measured from the focal point, and w is the 

Gaussian beam electric field beam radius at A and A'. Equation (1), to be discussed 

below, gives an allowed operational geometry for a specified acceleration gradient. Using 

TIR prisms permits the removal of the dielectric material between the prism and the flat 

mirror, which reduces the Cherenkov radiation loss. The structure is constant in y and thus 

allows cylindrical focusing if necessary. The electron beam aperture must be small 

compared to the laser beam size. For a small angle 0, a minimum prism width (in z) of 2 w 

is required for coupling ~ 90% of the laser power into the structure. Thus, the minimum 

drift space per microstage, where no laser fields exist, is approximately 2 w. 

3.2 Acceleration Fields and Phases 

For a linearly polarized fundamental Gaussian beam with a vector potential in x' focused 

in the x' andy', the field components in phasor notation can be cast as 2 3 
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where c is the free-space velocity of light, A; is the free-space wave number, «•„ is the laser 

waist size, z = -— is the optical Rayleigh length, w(z') = w0^l+z'2/z2 is the 1/e laser 

z 2 

field radius at z\ R(z') = z'+— is the radius of curvature of the wavefront at z', and 
z' 

<D(z') = tan"'(—) is the Guoy phase shift due to diffraction. The Guoy phase, in addition 
r 

to the usual plane wave phase, gives a 7t phase shift from *' = - oo to z1 = oo for a focused 

laser beam.24 For a tightly focused laser beam, the Guoy phase varies quickly about z' = 0 

and can cause phase mismatch between the electron and the laser fields in a distance 

shorter than a Rayleigh length, as will be shown below. 

The field components given above are derived under the paraxial approximation, 

l/kw0 « 1. When x' and y' are normalized to w0 and z' is normalized to the optical 

Rayleigh length, E , and B , are the zero-order expansion terms in l/*w0, E , and B , x y z z 

are the first-order expansion terms, and Ey, is the second-order expansion term. Since 

E , is the second-order expansion term, the field variation in y' (or equivalently y) is 

nearly independent of the focusing, giving the opportunity of accelerating more electrons 

in they dimension by using cylindrical focusing as will be discussed below. 

With the appropriate coordinate transformation, 

x'=xcos0-zsin#, (3a) 

y'= xsin 0+zcos 0, (3b) 

the resulting on-axis electrical field, summed from E , and E , of the two crossed laser 

beams, is 

_ . frjT sin^ f (zs\n0/0d)2~\ .. , , . . . . 
Ez = -4 J - 77-Ti rsrexp - 1 a . ; , ' * costf, + 0 , + $5,), (4a) 

V n u-oO+z'cos 0) I 1 + z cos 0] ' * 

where 0. = wlz is the far-field diffraction angle, z-zjz, is the z coordinate 

normalized to'the Rayleigh length, and 4>p,$g,$r

 a r e t n e P ' a n e w a v e phase, Guoy phase, 

and radial phase, respectively. For a relativistic electron with an energy y and a small 

crossing angle 0« 1, the three phase terms are 
4>D =mt-kzcos0«— (02—V), (4b) 

y 1 Y 
fg = 2 x tan"1 z , (4c) 

_ z\0/0df 
9r= l + p • ( 4 d ) 

The small angle assumption, carried out through this paper, is necessary for achieving 

phase coherence over a distance much longer than an optical wavelength. It is worth 

noting that an additional Guoy phase shift, contributed from summing E , and E ,, 

imposes the need of laser field truncation in the near field region. 

Figure 3(a) shows the three phase terms (assuming 0/0d = 1 and l/y2 « 01). The 

z{0/0d)2 

sum of the plane wave phase and radial phase terms is i>.+<j>r =—~—^—, which has 
1+z 

the same sign as the Guoy phase term. Since the Guoy phase term, 2 x tan"1 z, produces a 

7t phase shift from - z to +z , net acceleration is possible only if the laser field is 

terminated for z <|z r | . Figure 3(b) shows the normalized axial field seen by a relativistic 

electron for the same crossing angle as in Fig. 3(a). It is seen that an electron remains in 

phase and gains energy over approximately one Rayleigh length. 
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Figure 3: (a) Plane wave phase, Guoy phase, and radial phase for 0=1 . The 
Guoy phase give a 7i shift from -zr to + zr. (b) Normalized axial field 
along z. Field termination is necessary in ~ 1 Rayleigh length. 
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3.3 Energy Gain and Acceleration Gradient 
Based upon the Gaussian field expressions in Eqs. (2a)-(2e), the energy gain over a 

distance from - / to + / for an on-axis, highly relativistic electron traversing through the 

two crossed Gaussian laser beams is given by* 

AWQAeV) = 87.6VP(TW)4- exp 
6 

where P is laser power in terawatts, and / = — is the interaction length normalized to the 

kz optical Rayleigh length. To derive Eq. (5), Eq. (4b) was approximated by ^ a — 02 

under the assumption \/y2 «02. Thus for Eq. (5) to be valid, the injection electron 

energy must exceed a minimum energy W^ given by (in units of the electron rest mass) 

W*=-e- (6) 

Electrons with an injection energy lower than Wm[II quickly fall out of phase due to the 

velocity slip. 

For an unbounded interaction length from - oo to + oo, the energy gain calculated 

from Eq. (5) reduces to zero, as the LW theorem predicts. We show by careful evaluation 

of Eq. (5) that the maximum energy gain for a microstage is 

A ^ ( M e V ) = 30VP(TW), (7) 

when P is the peak laser power in terawatts, and 0 = 1.37 and / = 0.46 correspond to a n 

phase shift between the laser fields and the electron. At this time, 0.1 TW pulsed solid-

state lasers are commercially available at modest cost. The maximum energy gain using 

this type of laser is about 10 MeV per acceleration stage. 

In addition to the geometrical constraint in Eq. (1), laser damage on mirrors also 

sets a limitation on the acceleration gradient. As seen in Fig. 1(b), the gradient depends on 

the laser pulse length. A short laser pulse is desirable to obtain a high acceleration 

gradient. For example, with a 100 fsec pulse length, the damage threshold intensity is 

iiey 
1+/ 2 

102 

l+l2 
(5) 



about /„„ = 20TW/cm2, at a damage threshold fluence of ~ 2j/cm2 (Ref. 4). The 

maximum laser power / ^ at the damage threshold intensity /„,, is given by 

P^'lJ^. (8) 

where is the area of the Gaussian laser beam on the HR mirror. For example, taking 

the laser spot size to be 50 u.m, one can drive the accelerator with P ^ =1.6 GW of 

laser peak power using 100 fsec pulses. 

In practice, the critical parameter is not the maximum energy gain per microstage 

but the average acceleration gradient. We define the average acceleration gradient as the 

energy gain per stage, AW, divided by the length of an accelerator stage, L^ = 2l+2w. 

Substituting (8) into (5) and dividing (5) by the accelerator microstage repeat distance 

Lfj, one obtains the average acceleration gradient under the laser damage constraint: 

(9) 
P = J Vf'-n 2 max yp-njl 

In Eq. (9), the variables are the interaction length 21, the laser waist radius w0, the 

crossing angle G, and the optical wavelength K. Since solid state lasers at X « 1 p.m such as 

Nd:YAG, Yb:YAG, Nd:YLF, and Nd:Glass give good stability, high efficiency, high peak 

power, and short optical pulses, we assume X = 1 |im for the rest of our calculations. 

Figure 4 shows the average acceleration gradient vs. the interaction length per 

stage 21, for w0 = 20 urn and 8 = 100 mrad, 70 mrad, and 40 mrad. When the interaction 

length equals zero, the average gradient is reduced to zero instead of converging to the 

electric field strength at the focal point, because a finite drift distance of 2ic per stage is 

taken into account in Eq. (9). For 8 = 100 mrad and 70 mrad, average gradients of more 

than 1 GeV/m are predicted for an interaction length in the range of 25 to 150 urn per 

microstage. In the same plot, a smaller angle, 8 = 40 mrad, gives a maximum average 

gradient of ~ 0.7 GeV/m. Note that for 8 = 40 mrad, the acceleration gradient is relatively 

insensitive to the interaction length, which can be as long as ~ 300 urn. The insensitivity to 

0 50 100 150 200 250 300 350 400 

21: interaction length per stage dim) 

Figure 4: Average acceleration gradient vs. acceleration length for various 
crossing angles. Gradients exceeding 1 GeV/m are achieved for a 
device length of ~ 100 um. 



the interaction length at a certain laser beam crossing angle may be an advantage in 

accelerator design. For example, a larger structure size eases the manufacture process, 

reduces the radiation loss, allows a larger electron channel, and opens the fabrication 

tolerance. For these reasons, in the following we analyze a structure that provides 

G»0.7GeV/m. 

For an accelerator fabricated to meet a certain acceleration gradient, 6 and w0 are 

the two variables that can be adjusted. Figure 5 shows the intersection of the geometric 

constraint given by Eq. (1) and the accelerator average gradient given by Eq. (9). As seen 

in Fig. 5, for the assumed 0.7 GeV/m average gradient, the contour circles shrink as the 

interaction length 2/ increases, because (1) a longer 2/ requires a smaller 6 to maintain 

phase coherence, and (2) a small u>0 introduces too much Guoy phase shift while a large 

w0 (and thus a large w) reduces the acceleration gradient [see Eq. (9)]. 

The geometrical constraint curves (parabolic like) calculated from Eq. (1) are 

overlaid on the same plot for corresponding interaction lengths. The allowed operation 

regions, indicated by broad dark lines, are those above the parabolic curves. It is evident 

from Fig. 5 that for 2/ > 340 um, the prism always clips the input laser beam for the 

0.7 GeV/m structure because the contour curve and the parabolic curve no longer 

intercept. Also, from the same plot, a larger 9 and a smaller w0, which produce larger 

plane wave phase and Guoy phase shift, are allowed when 2/ is smaller because phase 

coherence is easier to maintain over a shorter distance. 

Although a certain acceleration gradient may be achieved by applying many 

different combinations of 0 and iv0, different (6 , w0) pairs give different electron beam 

characteristics after acceleration. Energy spread and emittance are two important 

parameters for an electron beam. Because of the time and space variation of the laser field, 

electrons injected at a different instant and location acquire different transverse momenta 

and longitudinal momenta. Loosely speaking, energy spread is the rms electron energy 

divided by the electron mean energy, and emittance is the area occupied by the electrons in 

the angle and position space (phase space). A good electron beam should have a small 

energy spread and small emittance. Both quantities, energy spread and emittance, increase 

30 40 50 
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Figure 5: 0.7 GeV/m contours on the 9 vs. w 0 plane for various interaction lengths, 21. 
The parabolic curves are calculated from Eq. (1) for the same 21. The allowed 
(0,wo) pairs are those on the contours and above the corresponding parabolic 
curves. Point A is to be discussed in simulations. 
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with the increase of field variation in space and in time. Ideally, one would like to have a 

large spot size and a small crossing angle such that the laser fields have less spatial 

variation. A large laser waist size also allows increased laser power within the laser 

damage fluence and thus to obtain more electron current for a fixed power conversion 

efficiency. Figure 5 shows that a short interaction length increases the allowed range of 9 

and w0, but moves 6 to a larger value and w0 to a smaller value. 

With current submicrometer lithographic technology, a device with a SO u,m 

feature size may give an ~ 10 mrad angle error in fabrication. We investigate in the 

following the impact of the fabrication error on the proposed accelerator structure. 

An allowed region for 9 and w 0 means that the system can be less sensitive to 

misalignment or fabrication errors. Figure 6 plots acceleration gradient vs. crossing angle 

for various laser spot sizes for 2/ = 300 um. Only those data points complying with the 

coupling condition in Eq. (1) are plotted. The gradient variation can be less than 5% even 

though the variation in 9 is on the order of 10 mrads and the variation in w0 is on the 

order of a micrometer, as the dashed box indicates. However, in making the above 

statements, we assume that the fabrication error influences both laser beams symmetrically 

and the perfect phase cancellation still applies. In practice, active feedback control would 

be needed to assure the phase cancellation. 

3.4 Multistage Accelerator Structure 

As discussed previously, the 0.7 GeV/m design (point A in Fig. 5) gives 0.24 MeV energy 

gain per accelerator microstage with a stage length of 334 (im. To achieve 1 TeV energy 

level, the accelerator would consist of a few million microstages. Since each microstage 

consumes 0.2 GW of laser power, a single 0.1 TW laser source can illuminate 500 

microstages in a distance of 16.7 cm, giving 118 MeV energy gain in such a macrostage. 

In the future, the 10,000 accelerator macrostages in the 1 TeV electron accelerator would 

be isolated from ground motion and stabilized within submicrometer accuracy. The 4 km x 

4 km laser interferometer used for the Laser Interferometer Gravitational-wave 

Observatory (LIGO)25 project has a similar requirement. The vibration isolation 
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Figure 6: Acceleration gradients vs. crossing angles for various laser spot sizes 
for 2/ = 300 urn. Only those data points complying with the coupling 
condition Eq. (1) are plotted. The gradient variation can be less than 
5% even though the variation of 9 is on the order of 10 mrads and the 
variation of w 0 is on the order of a micrometer as the dashed box 
indicates. 



technology36 for LIGO can be applied to the isolation and adjustment of the structure to 

the subnanometer dimensions required. 

The optical phase and group velocity timing of each microstage also needs to be 

precisely controlled. Figure 7 shows the schematic of a multistage accelerator that can be 

integrated on a silicon wafer using current lithographic technology for mass production. 

The dimensions are consistent with the 0.7 GeV/m design discussed previously (point A in 

Fig. 5), namely, a laser waist = 17 (im, a stage length 2/ + 2w = 334 fim, and a wavelength 

= 1 urn In Fig. 7, we assume that a plane wave is incident on each focusing lens and thus 

a nominal 7 mm x 34 \xm elliptical beam profile from a single laser source can drive 20 

stages simultaneously. A dielectric channel of 4 urn diameter is assumed for transmitting 

electrons. The laser power transmitted by this channel is less than 1% of the incident 

power. The phase of laser fields is controlled by electro-optic phase controllers and the 

group velocity delay is controlled with slabs of dielectric. If necessary, microactuators or 

micromotors can be integrated into the same wafer in a batch process. These active 

controls will be addressed in more detail in Sec. 4. 

4. Computer Simulations 

Ideally, high energy physicists would like to have a monochromatic energy beam and a 

highly collimated or a tightly focused electron beam, but not a single energetic electron. 

The ensemble behavior of many electrons in a laser-driven accelerator needs to be studied 

statistically in computer simulation. Since electrons react to both electric and magnetic 

fields, all the vector fields of a Gaussian beam in Eqs. (2a)-(2e) ought to be taken into 

account. The paraxial approximation is valid for our design parameters (see Fig. 5) and is 

adopted in our computer simulations. The field profile of the crossed Gaussian beams is 

very similar to that of a guided wave; namely, it is a standing wave in x and a traveling 

wave in z. Furthermore, the transverse electric field in x is an odd function with respect to 

the coordinate x, and its phase is delayed by 90 with respect to the longitudinal electric 

field. Physically, the off-axis electrons in the first 90 acceleration cycle experience a 
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Figure 7: A multistage accelerator that can be integrated on a silicon wafer using 
lithographic technology. The dimensions are consistent with the 
0.7GeV/m design discussed previously (point A in Fig. 5). 



defocusing force, and those in the second 90° acceleration cycle experience a focusing 

force. As a result, electrons in the first 90° acceleration cycle may be detrapped in the 

subsequent accelerator stages. To show the laser-induced focusing and defocusing, we 

carried out particle simulation on a computer. 

At the entrance of the accelerator, we assume approximately 3000 1 GeV 

electrons uniformly distributed inside a spatial cylinder with a half-wavelength 

length (0.5 um) and a 2 urn diameter. For GeV electron beams, it has been 

demonstrated that the transverse beam size can be as small as 75 nm.27 The field 

disturbance due to the 4-um electron channel is ignored in the simulation. We also assume 

zero energy spread, zero emittance at the entrance. 

4.1 Energy Gain and Energy Spread 

Figure 8 shows the electron energy gain vs. time at the exit of one microstage. The time 

window corresponds to one half optical cycle. The system parameters are 9 = 43 mrad, 

w0 = 17 urn, interaction length 2/ = 300 um (point A in Fig. 5), wavelength = 1 um, and 

power for each of the two crossed-laser beams = 0.1 GW (Eq. 8). It is evident from Fig. 8 

that the highest energy gain of 0.24 MeV is obtained from the simulation. With an 

interaction length of 21 = 300 um and a drift space of 2w » 34 um, the energy gain gives 

an average acceleration gradient of 0.7 GeV/m that is consistent with the analytical 

formulas [Eqs. (4) and (9)]. The electron energy spread in the half optical cycle is 

attributable to the time-varying nature of the laser fields and the spatial variation of the 

Gaussian profile. 

Suppose electrons in the central 10% of the half optical cycle (indicated by dashed 

lines in Fig. 8) are trapped in the down-stream acceleration; within this 10% time window, 

the rms energy spread, Sy/Ay, referenced to the single-stage energy gain Ay, is calculated 

to be 1%. This amount of energy spread is predominantly introduced by the spatial 

variation of the Gaussian profile over the 2 um beam diameter. One can estimate the 

resulting energy spread after many stages as follows. Since the energy gain is linearly 

proportional to the laser field, Sy and Ay in the subsequent stages remain the same as 

those in the first stage. So the resulting energy spread after N acceleration stages is 
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Figure 8: Electron energy gain at the exit of the first microstage. The energy 
spread referenced to the energy gain in the 10% of the half-optical 
cycle is 1.0%. With the design parameters of interaction length 
2/=300 um and drift space 2w » 34 um, the acceleration gradient is 
0.7 GeV/m. 
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where y i is the initial electron energy, and S/i/yi is the energy spread at the entrance of 

the first microstage. For a TeV multistage accelerator, N is on the order of a million, and 

the final energy spread in (10) converges to 

¥•£ 
which equals the energy spread referenced to the energy gain per stage. With the design 

parameters of Fig. 8, the final energy spread after a million acceleration stages can 

therefore meet the 1% criterion required by most experiments. 

4.2 Emittance and Multistage Trajectory Stability 

Figures 9(a) and 9(b), plotted on the same scales, are the electron distributions in the 

displacement and angle (x-xp andy-yp) phase planes at the exit of the first microstage. The 

electrons in the second and the fourth quadrants (labeled "+") propagate with convergent 

angles, and those in the first and third quadrants (labeled "-") propagate with divergent 

angles for the reason stated above. The area occupied by the electrons in the y-yp plane is 

approximately one-tenth of that in \h&x-xp plane, because electrons experienced second-

order force in y . The small electron angle in both transverse phase planes, on the order of 

microradians, is a consequence of the small crossing angle and the large optical mode size 

compared to the electron beam size; the former results in little wavelength modulation in 

the x direction, and the latter gives almost zero transverse fields across the electron beam 

size. The normalized rms emittances in the two transverse dimensions, for the electrons in 

the 10% of the half optical cycle, are e = 1.3 x 10"4 Jt-mm-mrad and Syjj = 2.1 x 10"5 

jc-mm-mrad, which are about four orders of magnitude lower than those for a 

conventional RF accelerator. Small emittance, which means high brightness, opens the 

potential for performing experiments with a lower current. 

The trajectory stability of electrons in successive stages is estimated as follows. 

The accelerator stages can be viewed as a lens array in which identical lenses are arranged 

along z with a periodicity of L„. If the optical phase seen by the electrons remains the 
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Figure 9: Electron distributions in the (a) x-xp and Qo)y-yp phase planes at the exit of 
the first microstage. Normalized rms emittances in the two transverse 
dimensions, including the electrons in the 10% half-optical cycle, are 

Jt-mm-mrad. ^ = 1 . 3 x 1 0 " 7t-mm-mrad and syjJ = 2.1 x 10"s 



same in all accelerator stages, the electrons in the first 90° acceleration phase see a 

focusing lens array, whereas those in the second 90° acceleration phase see a defocusing 

lens array. Assuming the thin lens approximation and a drift distance of L between two 

adjacent lenses, the transverse coordinate x , and angle xp , of an electron at the exit of 

the nth acceleration stage can be expressed in terms of its initial coordinate x„ and its 

initial angle xpt using: 

\ X " ] = M"\X> 

where M J1 L ' l ] ° U \ L> 

1° u-1/ / ij L-v/ i - v / j 

(12) 

. The focal length,/, is positive for a 

focusing lens (seen by the electrons is the second 90° acceleration phase) and negative for 

a defocusing lens (seen by the electrons is the first 90° acceleration phase). The criterion 
for a stable electron trajectory24 is 

2 / 
51 (13) 

Equation (13) is satisfied for a positive focal length. In other words, those electrons in the 

second 90 acceleration phase perform stable oscillatory motions in the accelerator stages. 

It can be shown that the maximum amplitude in x of the oscillatory trajectory is given by 

Using the electrons in Fig. 9(a) as the injection condition for the subsequent stages: 
Lu = 3 3 4 * l m ' X | a 1 ^ m ' ^ a 1 ^ r a d ' a n d J*Pi * *i * 1 "m, we found that x^ « 

1 urn, which is well within the 4 urn diameter aperture of the dielectric accelerator 

structure. For the electrons in the first 90° acceleration phase, a similar calculation shows 

that the electrons with initial coordinates |x,|> 15 nm strike accelerator structure within 

the first 10,000 microstages. 

4.3 Phase Cancellation and Group Velocity Control 

The focusing and the phase canceling of the two crossed-laser beams can be precisely 

controlled by PZT or electro-optic (EO) phase controllers. For example, a PZT can 

change the optical path with a sub-Angstrom step size, which is ~ 0.1 mrad on the optical 

phase for a 1 urn wavelength. The PZT or EO controllers can be integrated onto the 

accelerator substrate with modern lithographic technology. If the two laser beams are 

misaligned transversely by 1 A, the net effect is similar to sending an electron beam off 

axis by 1 A. As can be seen in Fig. 9, the deflection angle of the electron acquired from the 

1 A focusing error is on the order of 10"10 radian per stage. With this minute amount of 

side-kick per accelerator stage and an equal probability of random errors in both 

transverse directions, the electron trajectory stability should not be a problem for our 

accelerator structure. 

5. Laser Requirements and Luminosity 

The advance in high peak power, high efficiency, short pulse solid-state lasers has been 

revolutionary. High power, long life, compact diode lasers, which efficiently provide pump 

power near the absorption band of solid-state materials, have replaced the low efficiency, 

short life, bulky flash lamps for pumping solid-state lasers.2 8 Several short-pulse, high 

peak power laser sources, such as Ti:Sapphire, Nd:Glass, Yb:YAG, Nd:YLF, and 

Nd:YAG lasers, are potential candidates for laser acceleration. The pulse length range for 

these lasers is shown in Fig. 1(b). A Ti:Sapphire laser, usually pumped by an Ar ion laser 

due to the lack of high power diode lasers in the Ti:Sapphire absorption band at ~ 550 nm, 

can generate femtosecond pulses and thus a higher acceleration gradient [see Fig. 1(b)]. 

However, its electrical efficiency may not be as good as a diode-pumped Nd:YLF or 

Yb:YAG laser (which can also generate picosecond or subpicosecond pulses). Figure 1(b) 

provides a scaling law, E oc r ^ , for the acceleration gradient for r on the order of 



a few picoseconds or less. For example, if one employs a laser with 1 psec pulses and 

adopts the 0.7 GeV/m structure designed for 100 fsec lasers, the acceleration gradient 

drops to 0.25 GeV/m. With the constant rate of the advancement in solid-state lasers, we 

believe a solid state laser that meets the peak power, efficiency, pulse length, and 

repetition rate required for a laser accelerator will appear within the decade. 

The optical pulse structure for driving the accelerator is illustrated in Fig. 10. The 

50 nsec macropulse is generated by the Q-switch pump laser of the regenerative amplifier. 

The repetition rate for the Q-switch laser can be a few tens of kilo-Hertz. Each 

macropulse contains ~ 10 micropulses from the mode-locked master oscillator, and a 

micropulse of 100 fsec length (FWHM) contains ~ 30 optical cycles at a 1 |im wavelength. 

The separation of adjacent mode-locked pulses (micropulses), which is typically on the 

order of a few nanoseconds, is determined by the intracavity length of the master 

oscillator. 

Phase coherence in successive accelerator stages is necessary for continuous 

acceleration. Precise phase locking of individual lasers is required. Regenerative amplifiers 

after the master oscillators add complexity to this issue. Locking the phase between two 

CW lasers has been demonstrated in the past,29 but locking the phase between two mode-

locked lasers before and after regenerative amplifiers needs to be demonstrated. The 

principle of a mode-locked laser is essentially the same as that of a CW laser except that 

there is a fixed phase relationship among the longitudinal modes in a mode-locked laser. 

We believe locking the phase between two mode-locked lasers should be achievable 

without undue difficulty. 

Since each microstage consumes 0.2 GW laser peak power, a single 0.1 TW laser 

source can illuminate 500 microstages in a distance of 16.7 cm, giving 118 MeV energy 

gain in such a macrostage. 

Luminosity is critical for the application of the accelerator to high energy physics 

experiments. Luminosity is defined as 

L(cnr • sec ') s — J -—, (15) 
axay 
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Figure 10: (a) Macropulse train generated by a Q-switch laser. The repetition rate 
can be a few tens of kilo-Hertz, (b) A macropulse consists of a few 
micropulses from the mode-locked master oscillator, (c) A 100 fsec 
micropulse consists of ~ 30 optical cycles for a 1 |im wavelength. 



where m is the number of optical cycles per optical micropulse, n is the number of 
micropulses in a macropulse, / i s the laser repetition rate for the macropulse, and ax and 
cry are the two transverse beam sires. The minimum luminosity requirement30 for next 

generation high energy physics is in the range of 10 3 1 cm"2 -sec"' ~ 10 M cm" 2-sec - 1, 
depending on the type of investigation to be performed. 

Electrons radiate when they traverse the dielectric-based accelerator structure. The 
coherent Cherenkov or transition radiation loss essentially limits the maximum number of 
electrons that can be accelerated in one optical cycle. To first order, the radiation loss per 
electron per accelerator stage is approximately31 

MV,=^f-, (CGS units) (16) 

where N is the number of electrons in one optical cycle and \ = 1 |im is assumed to be 
equal to the laser wavelength. For AW,/£LW£ 10% per accelerator stage, the maximum N 
is 1.6x 107 per optical cycle. With m = 30 for 100 fsec laser pulses, n = 10, / = 33 kHz 
for current mode-locked lasers, ax = 160 nm and ay = 1.6 nra scaled from the Next 

Linear Collider,32 the luminosity for our accelerator structure is ~ 10" cm"2 • sec' 1. The 
corresponding required average laser power (with an assumed 10% power conversion 
efficiency from the laser to the electron beam) is 180 kW/m or 180 MW/km. Assuming 
that the dielectric substrate is 5 cm wide and the laser deposits 10% of its power to the 
substrate, the power dissipation needed for the substrate is 36 W/cm 2. Note that the 
luminosity could be enhanced further or the average laser power could be reduced at the 
same luminosity, since the electron beam emittance of a laser accelerator may be much 
better than that of an RF accelerator. 
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6. One-Dimensional Laser Focusing 
In the previous sections, we analyzed the performance of our laser-driven accelerator 
structure by using two crossed laser beams symmetrically focused in the two transverse 
directions, x aniy. However, the optical elements in the accelerator structure proposed in 
Fig. 7 can be constant in y . In practice, fabricating a cylindrical lens array by using 
chemical or plasma etching is less complicated than fabricating a spherical lens array. In 
addition, cylindrical (one-dimensional) focusing increases the optical mode volume and 
therefore the coupling efficiency; spreading the electrons in one transverse direction also 
helps to reduce the beamstrahlung at the final focusing stage. In the following, we 
investigate and compare the performance of a one-dimensional accelerator structure with 
respect to the two-dimensional structure. 
6.1 Acceleration Fields and Phases 

With a constant field profile in.y, the electrical field in*' for a fundamental Gaussian mode 
is 2 4 

EA^^^^^4^-*^^-^ (17) 

dP where — is the optical power per unit length in y and w is the laser beam radius in x. dy 
Note that only one half of the Guoy phase appears in Eq. (17) for one-dimensional 

focusing because the wave front parallel to y does not contribute any phase other than the 

plane-wave phase in the z' directioa 

The electrical field vector in the z' can be calculated from 

which gives 

E^E^W)+2Jl^k)h ( 1 9 ) 



With the coordinate transformation in Eqs. (3a)-(3b), the resulting axial acceleration field 
with a small crossing angle 6 is 

As previously noted, the maximum acceleration gradient is limited by the laser-
induced damage on the optical components. For the one-dimensional focusing case, the 

maximum power per unit length in y, —J , can be related to the damage threshold 
^ s ' max 

intensity / m by 

(D - / m «Jfw(0, (21) 

where z = I is the location of the HR mirror. 
Substituting Eq. (21) into Eq. (20), one obtains the following on-axis acceleration 

field: 

2 z = - 2 ^ 7 ^ - ^ g ^ - e x p ^ ) - c o s ( I g r + 1 . 5 t a n - ' z ] . (22) 

The corresponding on-axis acceleration field for the two-dimensional focusing case can be 
calculated from Eqs. (4a) and (8), yielding 

^ ^ ^ V ^ ^ - ^ ^ - e x p ^ . c o ^ ^ t a n - ' f ) . (23) 

It is worth noting that the phase of the one-dimensional focusing varies slower in z 
due to the removal of the 0.5 Guoy phase from the y direction. However, at the focus, the 
axial acceleration field of the two-dimensional focusing is stronger by a factor of 
(1+/ 2) l / 4. Figure 11 shows the normalized axial acceleration fields vs. z for the two types 
of focusing at / = 0.46 and 8 =1.37, where the two-dimensional focusing obtains the 
maximum energy gain per stage [see Eq. (7)]. It is seen that the axial field for the one-
dimensional focusing is indeed slightly weaker at the focus but decreases more slowly due 
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Figure 11: The normalized axial acceleration fields for the one-dimensional and 
two-dimensional focusing at / = 0.46 and O-1.37. The curve for the 
one-dimensional focusing is weaker at the focus but decreases more 
slowly along z. 



to the weaker dependence on the Guoy phase. As a result, the axial field for the two-

dimensional focusing reduces to zero at |f | = 0.46, corresponding to a n phase shift, while 

for the one-dimensional focusing, it remains nonzero. The energy gain per stage for both 

cases is the area under the two curves. It can be seen that the one-dimensional focusing 

has a higher energy gain per stage under the same damage fluence at / = 0.46. 

6.2 Average Acceleration Gradient 

The average acceleration gradient is the energy gam per accelerator stage divided by the 

repeat distance LM. We illustrate in Fig. 12 the 0.71 GeV/m gradient contours in the 0-H-O 

space for an interaction length of 2 /= 340 urn for the one-dimensional and two-

dimensional focusing. The one-dimensional focusing curve is obtained by numerically 

integrating the axial field over z and dividing the result by L^, whereas the two-

dimensional curve is calculated from Eq. (9). The geometrical coupling condition Eq. (1) 

is overlaid in the same plot. In Fig. 12, only the one-dimensional focusing curve intercepts 

the geometrical coupling condition; in other words, the two-dimensional focusing cannot 

achieve the 0.71 GeV/m average gradient with an interaction distance of 340 um per 

stage. It is evident from the figure that the one-dimensional focusing curve still provides a 

range of (9, w0) to achieve the 0.71 GeV/m gradient. For example, if point B in Fig. 12 is 

chosen to be the operation point for the one-dimensional focusing, 0.71 GeV/m is 

obtained with a crossing angle 0 = 50 mrad, a laser waist size w 0 = 25 u.m, a repeat 

distance LM = 390 um, and the single-stage energy gain = 280 KeV. Compared to the 

previous two-dimensional focusing design (point A in Fig. 5), the one-dimensional 

focusing design reduces the number of the total microstages by 0.5 million over 1 km 

while providing the same final electron energy. 

6.3 Fabrication Techniques 

Since the invention of the semiconductor amplifier in 1948 by Brattain, Bardeen, and 

Shockley, semiconductor-related applications have become perhaps the most notable 
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Figure 12: 0.71 GeV/m contours for the one-dimensional and two-dimensional 
focusing for 2/ = 340 um. No working (9, w 0) pairs are obtained for 
the two-dimensional focusing. Point B for the one-dimensional focusing 
gives a 0.71 GeV/m average gradient with 9 = 50 mrad, w„ = 25 urn, 
L p = 390 urn, and single-stage energy gain = 280 keV. 



industry in the 20th century. Along with the growth of the semiconductor industry, 

microfabrication techniques have been advanced dramatically to provide high precision 

and low-cost solid-state devices. In this section, we will delineate the feasibility of 

constructing our accelerator structure by using current microfabrication technology. 

The fabrication of the proposed accelerator structure is essentially a combination 

of integrated optics and lithographic techniques. Conventional micromachining may have 

difficulties in cutting and polishing components with a 50 ~ 500 um feature size. Although 

the etching depth of a typical semiconductor component is on the order of a micron, a 

depth of a few hundred microns, which is suitable for cylindrical focusing, appears to be 

feasible with current lithographic technology. Figure 13 illustrates quartz blocks with a 

base size of 100 urn x 100 um and a height of 300 urn, which are etched on a host quartz 

substrate. The surface smoothness is about 2% of the 1 um wavelength, the center-to-

center position accuracy is ~ 0.1 urn, and the vertical slop is approximately 10 mrad. 

Components of different materials such as the EO phase controller and PZT can be 

fabricated separately and then implanted into the same host substrate. For example, the so-

called fluidic self-assembly technique33 is capable of assembling microcomponents with 

specific binding features to the host substrate in a large quantity. This assembly technique 

derives the concept from the protein binding mechanism where protein molecules with 

specific feature shapes bind to biological sites that fit with the feature shapes. 

Microcomponents are first fabricated from their sacrificial substrate and then carried by an 

inert fluid to the host substrate. The binding sites on the host substrate differentiate the 

microcomponents according to the specific binding keys on the microcomponents. This 

technique is suitable for assembling a large amount of microcomponents. 

PZT controllers, with a step size of an Angstrom per volt, can provide very precise 

positioning for the optical components. Microactuators or micromotors, with a step size 

of a submicron, can be useful for coarse adjustment. Figure 14 shows a 500 um wide, 

1000 (im high, 2 urn thick gold-coated mirror34 for semiconductor laser applications. The 

position of the mirror can be controlled within 0.2 um by a microactuator. To apply this 

Figure 13: Three 100 urn x 100 um x 300 um dielectric blocks etched from a 
quartz substrate. The surface smoothness is about 2% of the 1 um 
wavelength, the center-to-center position accuracy is - 0.1 um, and the 
vertical slop is approximately 10 mrad. (Photo courtesy of Photonic 
Integration Research, Inc.) 

Figure 14: A 2 | i m x 500 um x 1000 um gold-coated mirror driven by a 
microactuator with a 0.2 um step size. (Photo courtesy of Meng-
Hsiung Kiang.3,t) 



mirror to our accelerator structure, a dielectric-coated surface will be used for the high-

power lasers. 

7. Summary 
We have evaluated the energy gain, average acceleration gradient, and particle dynamics 

for the proposed dielectric-based, crossed-laser-beam electron linear accelerator structure 

under several engineering considerations such as laser-induced damage, the geometric 

beam coupling, fabrication techniques, laser requirements, laser focusing, and luminosity. 

With laser parameters of X = 1 urn, laser waist = 17 urn, laser power = 0.2 GW, 

crossing angle = 42 mrad, and 2 j/cm2 damage fluence for an 100 fsec laser pulse, an 

average acceleration gradient of 0.7 GeV/m is achievable in the proposed multistage 

accelerator structure. Optical components occupy approximately a 10% length in the 

electron acceleration direction. A phase slip less than n between the electrons and the laser 

fields is allowed in each accelerator microstage. The low-cost, high-precision modern 

lithographic technology can be employed to integrate hundreds of accelerator stages on a 

single silicon wafer which can be illuminated by a single laser source. 

Using the beam diameters ax = 160 run and ay = 1.6 nm, 33 kHz macropulse 

repetition rate, ten micropulses in one macropulse package, 100 fsec micropulse length, 

and an assumed 10% radiation loss, the beam luminosity is 10" cm"*-sec-1 for the 

proposed design. 

In our single-stage particle simulation, we injected 3000 1 GeV, zero emittance, 

zero energy spread electrons with a 2 urn beam diameter into the crossed-laser-beam 

accelerator structure. The electron energy spread in the central 10% of the half optical 

cycle converges to 1% after many stages. The emittance growth is negligible compared to 

that of an RF accelerator. 

Our analysis for one-dimensional and two-dimensional laser focusing indicates that 

the optical mode, and therefore, the electron beam size, can be extended in one of the 

transverse dimensions without sacrificing the average acceleration gradient. The increase 

in the optical mode size is expected to increase the cavity shunt impedance and thus the 

coupling efficiency. 

Recently, we have proposed experiments to verify the physics and the performance 

for the crossed-laser beam accelerator. The first goal for experimental work is to observe 

single-stage electron acceleration governed by our analysis; the second goal is to achieve 

multistage acceleration with controllability on phase coherence along successive stages. 

With the demise of the SSC project, there has been renewed interest in advanced 

accelerator concepts for building the next linear collider within a manageable cost and 

distance. Many groups such as LBNL, LLNL, UCLA, and NRL are working to explore 

possibilities both with theoretical studies and proposed experimental programs. We believe 

that in the foreseeable future, laser acceleration will play a significant role in high gradient 

electron acceleration. 

Our future theoretical work includes the study of beam loading, wake field issues, 

and multistage particle simulations. 
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ABSTRACT 

The three parts of this paper cover the following topics: (1) status 
of the cosmological parameters Ho, to, A, and especially ft; (2) how 
to compare cosmological theories of structure formation and cosmo
logical simulations to observational data; and (3) structure formation 
in Cold Dark Matter (CDM) and related cosmological models, espe
cially Cold + Hot Dark Matter (CHDM). I will also briefly discuss 
experimental data suggesting nonzero neutrino masses. 

"In my lectures at SLAC, I covered more elementary material than is included in the writ
ten version. Most of this elementary material can be found in my lectures at earlier schools, 
starting with the 1984 Enrico Fermi School at Varcnna, edited by N. Cabibbo (1987). I 
wrote up a very long version for the proceedings of the BCSPIN school in Puri, India, 
which is to appear soon edited by J. Pati (World Scientific). There are, of course, sev
eral excellent textbooks as well. So in these written notes, I covered mostly current topics. 
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1 Part I. Status of the Cosmological 
Parameters 

The cosmological parameters that I will discuss are the traditional ones: the Hub
ble parameter Ho s 100/» km s - 1 Mpc"1, the age of the universe to, the average 
density fto = p/pc in units of critical density pc, and the cosmological constant A. 
To focus the discussion, I will concentrate on the issue of the value of the density 
no in currently popular cosmological models in which most of the dark matter is 
cold, especially Cold + Hot Dark Matter (CHDM) and flat low-ft CDM with a 
Cosmological Constant (ACDM). The evidence would favor a small flo » 0.3 if 
(1) the Hubble parameter actually has the high value h « 0.8 favored by many 
observers, and the age of the universe to > 13 Gy; or (2) the baryonic/total mass 
ratio in clusters is actually ~ 20%, about three to four times larger than expected 
for standard Big Bang Nucleosynthesis (BBN) in an ft = 1 universe, and standard 
BBN is actually right in predicting that the density of ordinary matter fit lies in 
the range 0.009 < ilbh2 < 0.02. The evidence would favor ft = 1 if (1) the PO
TENT analysis of galaxy-peculiar velocity data is right, in particular regarding 
outflows from voids or the inability to obtain the present-epoch non-Gaussian den
sity distribution from Gaussian initial fluctuations in a low-ft universe; or (2) the 
preliminary report from LSND indicating a neutrino mass > 2.4 eV is right, since 
that would be too much hot dark matter to allow significant structure'formation* 
in a low-fi ACDM model. Statistics on gravitational lensing o{ quasars provide a 
strong upper limit on A. The era of structure formation is another important dis
criminant between these alternatives, low ft favoring earlier structure formation, 
and ft = 1 favoring later formation with many clusters and larger-scale structures 
still forming today. Reliable data on all of these issues is becoming available so 
rapidly today that there is reason to hope that a clear decision between these 
alternatives will be possible within the next few years. 

As I write this in early 1995, shortly after publication of the first article1 

using HST observations of Cepheid variable stars to determine a distance to a 
relatively distant galaxy (17.1 ± 1.8 Mpc for M100), articles in the popular news 
media are full of talk about a crisis in cosmology: "Big Bang Threatened " 
The reason is, of course, that with the additional assumptions that M100 lies in 
the core of the Virgo cluster and that the recession velocity of Virgo corrected 
for infall is about 1400 km s" 1, the value obtained for the Hubble parameter is 
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at the high end of recent estimates: H0 = 80 ± 17kms _ 1 Mpc. Using h = 0.8 
gives, for ft = 1 and a vanishing cosmological constant A = 0, a very short age for 
the universe <o = 8.15 Gy, almost certainly younger than the ages of Milky Way 
globular clusters and even some nearby white dwarfs. Even with ftp = 0.3, about 
as low as permitted by observations, and with OA = A/(3H0

J) = 0.7, as high as 
permitted by observations, i 0 = U- 8 Gy for h = 0.8, which is also uncomfortably 
short. Is this a crisis? Does it undermine the strong evidence for the standard 
Big Bang? I. do not think so. Given the considerable uncertainties reflected in the 
large quoted error on Ho, I think even ft = 1 models are not excluded. But this 
Cepheid measurement of the distance to M100 bodes well for the success of the 
HST Key Project on the Extragalactic Distance Scale, which seeks to measure 
Ho to 10% within a few years. The expectation that accurate measurements of 
the key cosmological parameters will soon be available is great news for theorists 
trying to construct a fundamental theory of cosmology, and helps motivate the 
present summary. 

In addition to the Hubble parameter Ho = 100/i km s" 1 Mpc - 1 ,1 will discuss 
the age of the universe to, the average density fto, and the cosmological constant A. 
But there are several additional cosmological parameters whose values are critical 
for modern theories: the densities of ordinary matter ft/,, cold dark matter ft„ 
and hot dark matter ft,,, and, for primordial fluctuation spectra P(k) = Ak"', 
the index-Mp-and-the-amplitude A, or equivalently (for-a given model) the-bias 
parameter 6 s l/cg, where a% = [$M/M)rm, on a scale of 8 /i" 1 Mpc. A full 
treatment of these parameters would take a much longer article than this one, 
so to focus the discussion, I will concentrate on the issue of the value of the 
density fto in currently popular cosmological models in which most of the dark 
matter is cold. Although much of the following discussion will be quite general, 
it will be helpful to focus on two specific cosmological models which are perhaps 
the most popular today of the potentially realistic models: low-ft CDM with a 
Cosmological Constant (ACDM, discussed as an alternative to ft = 1 CDM since 
the beginning of CDM 2 , 3 and worked out in greatest detail in Ref. 4), and ft = 1 
CHDM (proposed in 1984 [Ref. 5], and first worked out in detail in 1992-93 [Refs. 6 
and 7]). I will begin by summarizing the rationale for these models. 



2 Models with Mostly Cold Dark Mat ter 
Let me begin here by recalling the definitions of "hot" and "cold" dark matter. 
These terms describe the astrophysically relevant aspects of candidate dark matter 
particles. The fact that the observational lower bound on flo—namely 0.3 ;$ 
fto—exceeds the upper limit on baryonic mass ft^ ^ 0.02 h~2 from Big Bang 
Nucleosynthesis8 is the main evidence that there must be such nonbaryonic dark 
matter particles. 

About a year after the Big Bang, the horizon surrounding any point encom
passed a mass of about 10 1 2 MQ, the mass now in the dark matter halo of a large 
galaxy like the Milky Way. The temperature then was about a kilovolt. We define 
cold dark matter as particles that were moving sluggishly, and hot dark matter as 
particles that were still relativistic at that time. The lightest superpartner parti
cle (LSP neutralino) and the axion remain the best motivated cold dark matter 
candidates, although, of course, many other possibilities have been suggested. 

The three known neutrino species ut, u^ and vT are the standard hot dark 
matter candidates. Their contribution to the cosmological density today is 

_ £,m(i/.) 
" 94/»2eV 

Since fi„ < ft0 £ 2, each neutrino's mass must be much less than a keV, so they 
were certainly moving at relativistic speeds a year after the Big Bang. Any of 
these neutrinos that has a cosmologically significant mass (>; 1 eV) is therefore a 
hot dark matter particle. 

If a horizon-sized region has slightly higher than average density at this time, 
cold dark matter—moving sluggishly—will preserve such a fluctuation. But neutri
nos—moving at nearly the speed of light—will damp such fluctuations by "free 
streaming." For example, two years after the Big Bang, the extra neutrinos will 
have spread out over the now-larger horizon. The smallest fluctuations that will 
not suffer this fate are those that come into the horizon when the neutrinos be
come nonrelativistic, i.e., when the temperature drops to the neutrino mass. In 
a universe in which most of the dark matter is hot, primordial fluctuations will 
damp on all scales up to superclusters (with mass ~ 10 1 6 M Q ) , leading to a se
quence of cosmogony (cosmological structure formation) in which galaxies form 
only after superclusters. But this is contrary to observations, which show galaxies 
to be old but with superclusters still forming. Indeed, with fluctuations on large 

scales consistent with COBE, pure HDM models (i.e., with the dark matter being 
mostly neutrinos, and a Zel'dovich spectrum of Gaussian adiabatic fluctuations) 
cannot have formed any significant number of galaxies by the present. Thus, 
most current comparisons of cosmological models with observations have focused 
on models in which most of the dark matter is cold. 

The standard CDM model2 assumed a Zel'dovich (i.e., n p = 1) spectrum of 
primordial Gaussian adiabatic fluctuations with fi = 1. It had the great virtues of 
simplicity and predictive power, since it had only one free parameter, the ampli
tude or bias 6. Moreover, for a while it even looked like it agreed with all available 
data, with 6 w 2.5. One early warning that all was not well for CDM was the 
cosmic background dipole anisotropy, indicating a large velocity of the local group 
with respect to the cosmic background radiation rest frame, about 600 km s _ 1 . 
I must say, many other theorists and I did not immediately appreciate its possi
bly devastating impact. However, as evidence began to accumulate, starting in 
1986, that such velocities were common on large scales—indeed, that there were 
large-scale flows of galaxies with such velocities9—it became clear that standard 
CDM could fit these large-scale, galaxy-peculiar velocities (i.e., motions in addi
tion to the general Hubble expansion) only for b as 1. Standard CDM had various 
problems for any value of 6; for example, the CDM matter correlation function, 
and hence also the galaxy and cluster correlations, are negative on scales larger 
than about 30/i~'Mpc, while observations on these large scales show that the 
cluster correlations are at least ~ 3<7 positive. A low value of the bias parameter 
subsequently also turned out to be required by the COBE DMR data, which was 
first announced in April 1992. But for such a small 6 ^ 1 , CDM produces far too 
many clusters and predicts small-scale galaxy velocities that are much too large.10 

Thus, standard CDM does not look like a very good match to the now-abundant 
observational data. But it did not miss by much—if the bias parameter 6 is ad
justed to fit the COBE data, the fluctuation amplitude is too large on small scales 
by perhaps a factor of approximately two to three. 

In the wake of the discovery of the existence of large-scale, galaxy-peculiar 
velocities, I suggested that Jon Holtzman (then a UCSC graduate student whose 
planned Ph. D. research based on HST observations had been indefinitely post
poned by the Challenger explosion) improve the program that George Blumenthal 
and I had written to do linear CDM calculations, and use it to investigate a variety 
of models in which the dark matter was mostly cold. He ultimately worked out a 



total of 94 such models, about half of them including some hot dark matter, and 
(since this was the largest such suite of interesting models all worked out the same 
way) his thesis11 provided the basis for the COBE-DMR interpretation paper.1 2 

Meanwhile, in a follow-up paper,1 3 we showed that of all these CDM-like models, 
the ones that best fit the available data—especially the cluster correlations—were 
fi = 1 CHDM, and low-ft CDM with a ACDM. Since both of these models turned 
out to fit all available data rather well when their fluctuation amplitudes were 
normalized to COBE observations, they remain perhaps the most popular models 
for galaxy formation and large scale structure. Moreover, since CHDM works best 
for h a 0.5 while ACDM works best for higher h, they will serve nicely for this 
review as representatives of these two opposing alternatives. 

3 Age of the Universe to 
The strongest lower limits for to come from studies of the stellar populations of 
globular clusters (GC's). Standard estimates of the ages of the oldest GC's are 
14-18 Gy, and a conservative lower limit on the age of GC's is 13 ± 2 Gy, which 
is then a lower limit on to. The main uncertainty in the GC age estimates comes 
from the uncertain distance to the GC's: a 0.25 magnitude error in the distance 
modulus translates to a 22% error in the derived cluster age.14 Stellar mass loss is 
the latest idea for lowering the GC to, 1 5 but observations constrain the reduction 
in to to be less than ~ 1 Gy. Allowing ~ 1-2 Gy for galaxy and GC formation, 
we conclude that l 0 > 11 Gy from GC's, with t0 « 13 Gy a "likely" lower limit 
on to, obtained by pushing most but not all the parameters to their limits. 

The GC age estimates are, of course, based on standard stellar evolution cal
culations. New calculations using new stellar opacities now underway are not 
expected to change the estimates by more than a few percent. But the solar 
neutrino problem reminds us that we are not really sure that we understand how 
even our nearest star operates; and the sun plays an important role in calibrating 
stellar evolution, since it is the only star whose age we know independently (from 
radioactive dating of early solar system material). What if the GC age estimates 
are wrong for some unknown reason? 

The only independent estimates of the age of the universe come from cosmochro-
nometry—the chemical evolution of the galaxy—and white dwarf cooling. Cos-
mochronometry age estimates are sensitive to a number of uncertain effects such 

as the formation history of the disk and its stars, and possible actinide destruc
tion in stars. 1 0 Age estimates also come from the cooling of white dwarfs in the 
neighborhood of the sun. The key observation is that there is a lower limit to 
the temperature of nearby white dwarfs; although cooler ones could have been 
seen, none have been found. The only plausible explanation is that the white 
dwarfs have not had sufficient time to cool to lower temperatures, which initially 
led to an estimate of 9.3 ± 2 Gy for the age of the Galactic disk.1 7 Since there is 
evidence that the stellar disk of our Galaxy is about 2 Gy younger than the oldest 
GC's, 1 8 this in turn gave an estimate of the age of the universe of t 0 ~ 11 ± 2 Gy. 
However, more recent analyses19 conclude that sensitivity to disk-star formation 
history, and to effects on the white dwarf cooling rates due to C/O separation at 
crystallization and possible presence of trace elements such as 2 2Ne, allow a rather 
wide range of ages for the disk of about 10 ± 4 Gy. 

40 50 60 70 80 90 
Hubble Parameter 

(km/s/Mpc) 

Figure 1: Age of the universe t 0 as a function of Hubble parameter H0 in inflation-
inspired models with fi0 + fy\ = 1, for several values of the present-epoch cosmo-
logical density parameter fto-

Suppose that the GC stellar age estimates that t0 £ 13 Gy are right. Figure 1 
shows that t 0 > 13 Gy implies that H0 < 50 km s _ 1 Mpc - 1 for U = 1, and 



that Ho < 81 km s - 1 Mpc - 1 even for fio as small as 0.2 (in flat cosmologies with 
n0 + nA = i). 

4 Hubble Parameter HQ 
The Hubble parameter Ha = lOO/i km s _ 1 Mpc - 1 remains uncertain by about 
a factor of two: 0.4 £ ft £ 1. Sandage has long contended that ft w 0.5, and 
he still concludes20 that the latest data are consistent with this. De Vaucouleurs 
has long contended that ft « 1. A majority of observers currently favor a value 
intermediate between these two extremes (recent reviews include Refs. 21-23). 

The Hubble parameter has been measured in two basic ways: (A) Measur
ing the distance to some nearby galaxies, typically by measuring the periods and 
luminosities of Cepheid variables in them, and then using these "calibrator galax
ies" to set the zero point in any of the several methods of measuring the relative 
distances to galaxies. (B) Using fundamental physics to measure the distance to 
some distant object directly, thereby avoiding at least some of the uncertainties 
of the cosmic distance ladder.2 4 The difficulty with method (A) is that there 
are so far only a handful of calibrator galaxies close enough for Cepheids to be 
resolved in them. However, the success of the HST Cepheid measurement of the 
distance to M1001 shows that the HST Key Project on the Extragalactic Distance 
Scale can significantly increase the set of calibrator galaxies within a few years. 
Adaptive optics from the ground may also be able to contribute to this effort, 
although I am not very impressed by the first published result of this approach.25 

The difficulty with method (B) is that in every case studied so far, some aspect of 
the observed system or the underlying physics remains somewhat uncertain. It is 
nevertheless remarkable that the results of several different methods of type (B) 
are rather similar, and indeed not very far from those of method (A). This gives 
reason to hope for convergence. 

4.1 (A) Relative-Distance Methods 

One piece of good news is that the several methods of measuring the relative 
distances to galaxies now mostly seem to be consistent with each other. 2 2 ' 2 3 These 
methods use either (1) "standard candles" or (2) empirical relations between two 
measurable properties of a galaxy, one distance independent and the other distance 

dependent. The old favorite standard candle is type la supernovae; a new one is 
the apparent maximum luminosity of planetary nebulae.22 Sandage and others 
still get low values o f / i « 0.4-0.5 from HST Cepheid distances to SN la host 
galaxies.26 There are claims that taking account of an empirical relationship 
between the SN la light curve shape and maximum luminosity leads to higher ft 
(Ref. 27), but Sandage and Tammann counter that any such effect is small.28 The 
old favorite empirical relation used as a relative-distance indicator is the Tully-
Fisher relation between the rotation velocity and luminosity of spiral galaxies (and 
the related Faber-Jackson or D„-a relation); a new one is based on the decrease 
in the fluctuations in elliptical galaxy surface brightness on a given angular scale 
as galaxies are seen at greater distances.29 

4.2 (B) Fundamental Physics Approaches 
The fundamental physics approaches involve either type la or type II supernovae, 
the Sunyaev-ZePdovich (S-Z) effect, or gravitational lensing. This type la SN 
method for determining Ho avoids the uncertainties of the distance ladder by 
calculating the absolute luminosity of Type la supernovae from first principles 
using a plausible but as yet unproven physical model. The result obtained is 
that ft = 61 ± 10 (Ref. 30); however, another study3 1 finds that uncertainties 
in extinction (i.e., light absorption) toward each supernova increases the range 
of allowed ft. The type II SN method compares the expansion rate of the SN 
envelope measured by redshift with its size increase inferred from its temperature 
and magnitude; the 1992 result ft = 0.6 ± 0.1 (Ref. 32) has since been revised 
upward by the same authors to ft = 0.73 ± 0.06 ± 0.07 (Ref. 33). However, there 
are various complications with the physics of the expanding envelope.34 

The S-Z effect is the Compton scattering of microwave background photons 
from the hot electrons in a foreground galaxy cluster. This can be used to measure 
Ho since properties of the cluster gas measured via the S-Z effect and from x-
ray observations have different dependences on HQ. The result from the first 
cluster for which sufficiently detailed data was available, A665 (at z = 0.182), was 
ft = (0.4-0.5) ± 0.12 (Ref. 35); combining this with data on A2218 (z = 0.171) 
raises this somewhat to ft = 0.55 ± 0.17 (Ref. 36). Early results from the ASCA 
x-ray satellite gave ft = 0.47 ± 0.17 for A665 (z = 0.182) and ft = 0.41±g;}| for 
CL0016+16 (z = 0.545) (Ref. 37). A few S-Z results have been obtained using 



millimeter-wave observations, and this promising method should allow many more 
such measurements soon.33 Corrections for the near-relativistic electron motions 
will raise these estimates for Ho a little, 3 9 but it seems clear that the S-Z results 
favor a smaller value than many optical astronomers obtain. However, since the 
S-Z measurement of Ho is affected by the orientation of the cluster ellipticity with 
respect to the line of sight, this will only become convincing if it agrees with results 
from observations of a significant number of additional clusters. Fortunately, this 
now appears to be possible within the next several years. 

Several quasars have been observed to have multiple images separated by a 
few arc seconds; this phenomenon is interpreted as arising from gravitational 
lensing of the source quasar by a galaxy along the line of sight. In the first 
such system discovered, QSO 0957+561 (z = 1.41), the time delay, At, between 
arrival at the earth of variations in the quasar's luminosity in the two images 
has been measured to be 409 ± 23 days 4 0 (although other authors found a value 
of 540 ± 12 days 4 1). Since At « 62HQ1, this observation allows an estimate of 
the Hubble parameter, with the results h = 0.50 ± 0.17 (Ref. 42), or h = 
0.63 ± 0.21 (h = 0.42 ± 0.14) including (neglecting) dark matter in the lensing 
galaxy,43 with additional uncertainties associated with possible microlensing and 
unknown matter distribution in the lensing galaxy. However, recent deep images 
have allowed mapping of the gravitational potential of the lensing cluster (at 
z = 0.36) using weak gravitational lensing, which leads to the conclusion that 
h < 0.70 if At > 1.1 y (Ref. 44). Although the allowed range for H0 remains 
rather large, it is reassuring that this method gives results consistent with the 
other determinations. The time-delay method is promising, and when delays are 
reliably measured in several other multiple-image quasar systems, that should lead 
to a reliable value for h. 

4.3 Correcting for Virgocentric Infall 

What about the recent HST Cepheid measurement of Ho, giving h « 0.8? (Ref. 1) 
This calculated value is based on neither of the two methods (A) or (B) above, 
and I do not regard it as being very reliable. Instead, this result is obtained by 
assuming that M100 is at the core of the Virgo cluster and dividing the sum of 
the recession velocity of Virgo, about 1100 km s - 1 , plus the calculated "infall 
velocity" of the local group toward Virgo, about 300 km s _ 1 , by the measured 

distance to M100 of 17.1 Mpc. (These recession and infall velocities are both 
a little on the high side, compared to other values one finds in the literature.) 
Adding the "infall velocity" is necessary in this method in order to correct the 
Virgo recession velocity to what it would be if it were not for the gravitational 
attraction of Virgo for the Local Group of galaxies, but the problem with this 
is that the net motion of the Local Group with respect to Virgo is undoubtedly 
affected by much besides the Virgo cluster—e.g., the "Great Attractor." For 
example, in our CHDM supercomputer simulations (which appear to be a rather 
realistic match to observations) Anatoly Klypin and I have found that galaxies 
and groups at about 20 Mpc from a Virgo-sized cluster often have net outflowing 
rather than infalling velocities. Note that if there were no net "infall," or if M100 
were in the foreground of the Virgo cluster (in which case the actual distance to 
Virgo would be larger than 17.1 Mpc), then the indicated Ho would be smaller. 

The authors of Ref. 1 gave an alternative argument that avoids the "infall 
velocity" uncertainty. The relative galaxy luminosities indicate that the Coma 
cluster is about six times farther away than the Virgo cluster, and peculiar motions 
of the Local Group and the Coma cluster are much smaller corrections to the 
much larger recession velocity of Coma; dividing the recession velocity of the 
Coma cluster by six times the distance to M100 again gives H0 « 80. However, 
this approach still assumes that M100 is in the core rather than the foreground 
of the Virgo cluster; and in deducing the relative distance of the Coma and Virgo 
clusters, it assumes that the galaxy luminosity functions in each are comparable, 
which is dubious in view of the very different environments. 

To summarize, many observers, using mainly method (A), favor a value h « 0.6-
0.8 although Sandage and collaborators continue to get h « 0.4-0.6, while the 
methods I have grouped together as (B) typically lead to h « 0.4-0.7. The fact 
that the latter measurements are mostly of more distant objects has suggested45 

that the local universe may actually be underdense and therefore be expand
ing faster than is typical. But in reasonable models where structure forms from 
Gaussian fluctuations via gravitational instability, it is extremely unlikely that a 
sufficiently large region has a density sufficiently smaller than average to make 
more than a rather small difference in the measured value of h (Ref. 46). 



There has been recent observational progress in both methods (A) and (B), 
and I think it likely that the Hubble parameter will be known reliably to 10% 
within a few years. But until then, we must keep an open mind. 

5 Cosmological Constant A and to Again 
Inflation is the only known solution to the horizon and flatness problems, and the 
avoidance of too many GUT monopoles. And inflation has the added bonus that 
with no extra charge (except the perhaps implausibly fine-tuned adjustment of 
the self-coupling of the inflation field to be adequately small), simple inflationary 
models predict a near-Zel'dovich spectrum (i.e., with np « 1) of adiabatic Gaus
sian primordial fluctuations—which seems to be consistent with observations. All 
simple inflationary models predict that the curvature constant k is vanishingly 
small, although inflationary models that are extremely contrived (at least, to my 
mind) can be constructed with negative curvature and therefore fto £ 1 without 
a cosmological constant.47 Thus, most authors who consider inflationary models 
impose the condition k = 0, or fto + &A = 1. where ftA = A/(3 H$). This is what 
is assumed in ACDM models, and it is what was assumed in Fig. 1. (I hope it has 
been clear from the foregoing that I use ft to refer only to the density of matter 
and energy, not including the cosmological constant, whose contribution in the ft 
units is ftA-) 

I know of no one who actually finds the idea of a nonvanishing A intrinsically 
attractive. There is no known physical reason why A should be so small (from the 
viewpoint of particle physics), though there is also no known reason why it should 
vanish. The most unattractive features of A ^ 0 cosmologies are the fact that A 
must become important only at a relatively low redshift—why not much earlier or 
much later?—and also that ftA £ ft0 implies that the universe has recently entered 
an inflationary epoch (with a de Sitter horizon comparable to the present horizon). 
The main motivations for A > 0 cosmologies are (1) reconciling inflation with 
observations that seem to imply ft £ 1, and (2) avoiding a contradiction between 
the lower limit t 0 £ 13 Gy from globular clusters and to = (2/3)Ho~l = 6.52ft-1 Gy 
for the standard ft = 1, A = 0 Einstein-de Sitter cosmology, if it is really true 
that ft > 0.5. 

The cosmological effects of a cosmological constant are not difficult to under
stand. 4 8 , 4 9 With a positive A, there is a repulsion of space by space. In the early 

universe, the density of energy and matter is far more important than A on the 
r.h.s. of the Friedmann equation. But the average matter density decreases as the 
universe expands, and at a rather low redshift z ~ 1, the A term finally becomes 
significant. If it has been adjusted just right, A can almost balance the attraction 
of the matter, and the expansion nearly stops. For a long time, the scale factor 
a s (1 + z)~l increases very slowly, although it ultimately starts increasing ex
ponentially as the universe starts inflating under the influence of the increasingly 
dominant A .term. The existence of a period during which expansion slows while 
the clock runs explains why <o can be greater than A = 0, but this also shows 
that there is an increased likelihood of finding galaxies at the redshift interval 
when the expansion slowed and correspondingly increased opportunity for lensing 
of quasars at higher redshift z >, 2 by these galaxies. 

The frequency of such lensed quasars is about what would be expected in a 
standard ft = 1, A = 0 cosmology, so this data sets fairly stringent upper limits: 
ftA < 0.70 at 90% C.L., 5 0 , 5 1 with more recent data likely to give even tighter 
constraints.52 

A weaker but independent constraint comes from the cosmic background radia
tion data. In standard ft = 1 models, the quantity £(t+l)Ct (where Ct =< a? | m > m 

is the average of squared coefficients of the spherical harmonic expansion of the 
CMB data) is predicted to be roughly constant for 2 < £ ̂  10 (with an increase 
for higher multiples toward the Doppler peak at t ~ 200), while in models with 
A > 0 £(£+1), Ct is predicted to dip before rising toward the Doppler peak. Com
parison with the two-year COBE data, in which such a dip is not seen, implies 
that ftA < 0.78 at the 90% C.L.53 

Figure 1 shows that with ftA < 0.7, the cosmological constant does not lead 
to a very large increase in to compared to the Einstein-de Sitter case, although it 
may still be enough to be significant. For example, the constraint that to > 13 Gy 
requires h < 0.5 for ft = 1 and A = 0, but this becomes h < 0.73 for ftA < 0.7. 

6 Measuring QQ 
Although it would be desirable to measure flo and A through their effects on the 
large-scale geometry of space-time, this has proved difficult in practice since it 
requires comparing objects at higher and lower redshift, and it is hard to sep
arate the effects of the evolution of the objects from those of the evolution of 



the universe. For example, in "redshift-volume" tests involving number counts 
of galaxies per redshift interval, how can we tell whether the galaxies at redshift 
z ~ 1 correspond to those at z ~ 0? Several galaxies at higher redshift might have 
merged, and galaxies might have formed or changed luminosity at lower redshift. 
Eventually, with extensive surveys of galaxy properties as a function of redshift 
using the largest telescopes such as Keck, it should be possible to perform these 
classical cosmological tests at least on a particular class of galaxies—that is one 
of the goals of the Keck DEEP project. At present, perhaps the most promising 
technique involves searching for Type la supernovae at high redshift, since these 
are the brightest supernovae and the spread in their intrinsic brightness appears 
to be relatively small. Gerson Goldhaber, Saul Perlmutter, and collaborators have 
recently demonstrated the feasibility of finding significant numbers of such super
novae,54 but a dedicated campaign of follow-up observations of each one will be 
required in order to measure fin by determining how the apparent brightness of 
the supernovae depends on their redsiiift. This is therefore a project that will take 
at least several years. 

6.1 Large-Scale Measurements 

The largest scales on which fin has been measured with some precision today 
are about ~ 50 ft"1 Mpc, using the data on peculiar velocities of galaxies^ and 
on a somewhat larger scale using redshift surveys based on the IRAS galaxy 
catalog. Since the results of all such measurements to date have recently been 
summarized in an excellent review article,55 I will only comment briefly on them. 
The analyses such as "POTENT" that try to recover the scalar velocity potential 
from the galaxy-peculiar velocities are looking increasingly reliable, since they 
reproduce the observed large-scale distribution of galaxies—that is, many galaxies 
are found where the converging velocities indicate that there is a lot of matter, and 
there are voids in the galaxy distribution where the diverging velocities indicate 
that the density is lower than average. The comparison of the IRAS redshift 
surveys with POTENT and related analyses typically give fairly large values for 
the parameter /?/ = Q^/br (where 6/ is the biasing parameter for IRAS galaxies), 
corresponding to 0.3 £ fio £ 3 (for an assumed 6/ = 1.15). It is not clear whether 
it will be possible to reduce the spread in these values significantly in the near 

future—probably both additional data and a better understanding of systematic 
and statistical effects will be required. 

A particularly simple way to deduce a lower limit on fin from the POTENT-
peculiar velocity data has recently been proposed,56 based on the fact that high-
velocity outflows from voids are not expected in low-fi models. Data on just one 
void indicates that fin •> 0.3 at the 97% C.L. This argument is independent of 
assumptions about A, the initial fluctuations, or galaxy formation, but, of course, 
it does depend on the success of POTENT in recovering the peculiar velocities of 
galaxies. 

However, for the particular cosmological models that I am focusing on in this 
review—CHDM and ACDM—stronger constraints are available. This is because 
these models, in common with almost all CDM variants, assume that the probabil
ity distribution function (PDF) of the primordial fluctuations was Gaussian. The 
PDF deduced by POTENT from observed velocities (i.e., the PDF of the mass, 
not that of the galaxies) is far from Gaussian today. It agrees with a Gaussian 
initial PDF if and only if fi is about unity or larger: fin < 1 is rejected at the 
2<7 level, and fin < 0.3 is ruled out at > 4<r (Ref. 57). Evolution from a Gaus
sian initial PDF to the non-Gaussian mass distribution observed today requires 
considerable gravitational nonlinearity, i.e., large fi. 

6.2 —Measurements on Scales of a Few Mpc 
On smaller length scales, there are many measurements that are consistent with 
a smaller value of fin (Ref. 58). For example, the cosmic virial theorem gives 
fi(~ 1 A"1 Mpc) « 0.15 [<T(1 A-'Mpc)/(300km s" 1)] 2, where cr(l A"1 Mpc) 
here represents the relative velocity dispersion of galaxy pairs at a separation 
of 1 h~l Mpc. Although the classic paper5 9 which first measured <r(l h~l Mpc) 
using a large redshift survey (CfAl) got a value of 340 km s - 1 , this result is now 
known to be in error since the entire core of the Virgo cluster was inadvertently 
omitted;60 if Virgo is included, the result is ~ 500-600 km s - 1 (Refs. 60 and 
61), corresponding to fi(~ 1 h~l Mpc) « 0.4-0.6. Various redshift surveys give a 
wide range of values for <r(l A - 1 Mpc) ~ 300-750 km s - 1 , with the most salient 
feature being the presence or absence of rich clusters of galaxies; for example, the 
IRAS galaxies, which are not found in clusters, have a(\ h~x Mpc) a 320 km s - 1 

(Ref. 62), while the northern CfA2 sample, with several rich clusters, has much 



larger a than the SSRS2 sample, with only a few relatively poor clusters. It is 
evident that the a(l h~l Mpc) statistic is not a very robust one. 

A standard method for estimating ft on scales of a few Mpc is based on applying 
virial estimates to groups and clusters of galaxies to try to deduce the total mass 
of the galaxies including their dark matter halos from the velocities and radii of 
the groups; roughly, GM ** rv2. (What one actually does is to assume that all 
galaxies have the same mass-to-light ratio M/L, given by the median M/L of the 
groups, and integrate over the luminosity function to get the mass density.) 6 3 , 6 4 ' 6 5 

The typical result is that ft(~ 1 h~ l Mpc) ~ 0.1-0.2. However, such estimates 
are at best lower limits, since they can only include the mass within the region 
where the galaxies in each group can act as test particles. In CHDM simulations, 
my colleagues and I 6 6 have found that the effective radius of the dark matter 
distribution associated with galaxy groups is typically two to three times larger 
than that of the galaxy distribution. Moreover, we find a velocity biasing6 7 factor 
in CHDM groups fcj'7' = Vga|,rmj/i,DM,tmj w 0-75, whose inverse squared enters in 
the ft estimate. Finally, we find that groups and clusters are typically elongated, 
so only part of the mass is included in spherical estimators. These factors explain 
how it can be that our ft = 1 CHDM simulations produce group velocities that 
are fully consistent with those of observed groups, even with sophisticated robust 
and discriminatory statistical tests such as the median rms group velocity vs. the 
fraction of galaxies grouped.6 6-6 8 This emphasizes the point that local estimates 
of ft are at best lower limits on its true value. 

Another approach to estimating ft from information on relatively small scales 
has been pioneered by Peebles.69 It is based on using the least action principle 
(LAP) to reconstruct the trajectories of the Local Group galaxies, and the as
sumption that the mass is concentrated around the galaxies. This is a reasonable 
assumption in a low-ft universe, but it is not at all what must occur in an ft = 1 
universe where most of the mass must lie between the galaxies. Although com
parison with ft = 1 N-body simulations showed that the LAP often succeeds in 
qualitatively reconstructing the trajectories, the mass is systematically underesti
mated by a large factor by the LAP method.70 Unexpectedly, a different study 7 1 

found that the LAP method underestimates ft by a factor of four to five even in 
an fto = 0.2 simulation; the authors say that this discrepancy is due to the LAP 
neglecting the effect of "orphans"—dark matter particles that are not members 
of any halo. 

6.3 Estimates on Galaxy Halo Scales 
Recent work by Zaritsky and White 7 2 and collaborators has shown that spiral 
galaxies have massive halos. A classic paper by Little and Tremaine73 argued that 
the available data on the Milky Way satellite galaxies required that the Galaxy's 
halo terminate at about 50 kpc, with a total mass of only about 2.5 x 10 u M®. But 
by 1991, new data on local satellite galaxies, especially Leo I, became available, 
and the Little-Tremaine estimator increased to 1.25 x 10 1 2 MQ. Zaritsky and 
collaborators have collected data on satellites of other spiral galaxies, and conclude 
that the fact that the relative velocities do not fall off out to a separation of at least 
200 kpc shows that massive halos are the norm. The typical rotation velocity of 
~ 200-250 km s~ l implies a mass within 200 kpc of 2 X10 1 2 MQ. A careful analysis 
taking into account selection effects and satellite orbit uncertainties concluded that 
the indicated value of ft0 exceeds 0.13 at 90% confidence, with preferred values 
exceeding 0.3 (Ref. 72). 

7 Clusters 

7.1 Cluster Baryons vs . Big Bang Nucleosynthesis 

A recent review8 of Big Bang Nucleosynthesis (BBN) and observations indicating 
primordial abundances of the light isotopes concludes that 0.009 h~2 < fti < 
0.02 hr2 for concordance with all the abundances, and 0.006 ft-2 < ftt < 0.03 h~2 

if only deuterium is used. For h = 0.5, the corresponding upper limits on ft;, 
are 0.08 and 0.12, respectively. The recent observations74 of a possible deuterium 
line in a hydrogen cloud at redshift z = 3.32 indicating a deuterium abundance 
of ~ 2 x 10" 4 (and therefore fit < 0.006 h~2) are contradicted by a similar 
observation75 in a system at z = 3.58 but with a deuterium abundance about ten 
times lower, consistent with solar system measurements of D and 3He and the 
higher upper limit on ftt. (The earlier observations74 were most probably of a 
Lya forest line.) 

White et a/.76 have emphasized that recent x-ray observations of clusters, es
pecially Coma, show that the abundance of baryons, mostly in the form of gas 
(which typically amounts to several times the total mass of the cluster galaxies), 
is as much as 20% if h is as low as 0.5. For the Coma cluster, they find that the 



baryon fraction within the Abell radius is 

fb = - ^ - > 0.009 + 0.050 h~3'2, 
Mtoi 

where the first term comes from the galaxies and the second from gas. If clusters 
are a fair sample of both baryons and dark matter, as they are expected to be 
based on simulations, then this is two to three times the amount of baryonic mass 
expected on the basis of BBN in an ft = 1, h « 0.5 universe, though it is just 
what one would expect in a universe with flo w 0.3. The fair sample hypothesis 
implies that 

A recent review of gas in a sample of clusters77 finds that the baryon mass fraction 
within about 1 Mpc lies between 10% and 22%, and argues that it is unlikely that 
(a) the gas could be clumped enough to lead to significant overestimates of the 
total gas mass—the main escape route considered in Ref. 76. If ft = 1, the 
alternatives are then either (b) that clusters have more mass than virial estimates 
based on the cluster galaxy velocities or estimates based on hydrostatic equilib
rium of the gas at the measured x-ray temperature (which is surprising since they 
agree7 8), or (c) that the BBN upper limit on ftj, is wrong. It is interesting that 
there are indications from weak lensing79 and galaxy velocities80 that at least 
some clusters may actually have extended halos of dark matter—something that 
is expected to a greater extent if the dark matter is a mixture of cold and hot 
components, since the hot component clusters less than the cold. 8 1 , 1 1 8 If so, the 
number density of clusters as a function of mass is higher than usually estimated, 
which has interesting cosmological implications (e.g., as is higher than usually 
estimated). It is, of course, possible that the solution is some combination of 
alternatives (a), (b), and (c). If none of the alternatives is right, then the only 
conclusion left is that fto « 0.3. The cluster baryon problem is clearly an issue 
that deserves very careful examination. 

7.2 Cluster Morphology 

Richstone, Loeb, and Turner82 showed that clusters are expected to be evolved— 
i.e., rather spherical and featureless—in low-ft cosmologies, in which structures 
form at relatively high redshift, and that clusters should be more irregular in ft = 1 

cosmologies, where they have formed relatively recently and are still undergoing 
significant merger activity. There are very few known clusters that seem to be 
highly evolved and relaxed, and many which are irregular—some of which are 
obviously undergoing mergers now or have recently done so (see e.g., Ref. 83). 
This disfavors low-ft models, but it remains to be seen just how low. Recent papers 
have addressed this. In one,8 4 a total of 24 CDM simulations with ft = 1 or 0.2, 
the latter with OA = 0 or 0.8, were compared with data on a sample of 57 clusters. 
The conclusion was that clusters with the observed range of x-ray morphologies 
are very unlikely in the low-ft cosmologies. However, these simulations have been 
criticized because the fto = 0.2 ones included a rather large amount of ordinary 
matter: ftj, = 0.1. [This is unrealistic both because h w 0.8 provides the best fit 
for ft0 = 0.2, but then the standard BBN upper limit is ft6 < 0.02 h~2 = 0.03, 
and also because observed clusters have a gas fraction of ~ 0.15 (/i/0.5) - 3/ 2.] 
Another study 8 5 using dissipationless simulations and not comparing directly to 
observational data found that ACDM with fto = 0.3 and h = 0.75 produced 
clusters with some substructure, perhaps enough to be observationally acceptable. 
Clearly, this important issue deserves study with higher resolution hydrodynamic 
simulations, with a range of assumed ftj, and possibly including at least some 
of the additional physics associated with the galaxies which must produce the 
metallicity observed in clusters, and perhaps some of the heat as well. Better 
statistics for comparing simulations to data may also be useful.86 

7.3 Cluster Evolution 

There is evidence for strong evolution of clusters at relatively low redshift, both 
in their x-ray properties87 and in the properties of their galaxies. In particular, 
there is a strong increase in the fraction of blue galaxies with increasing redshift 
(the "Butcher-Oemler effect"), which may be difficult to explain in a low-density 
universe.88 Field galaxies do not appear to show such strong evolution; indeed, 
a recent study concludes that over the redshift range 0.2 < z < 1.0, there is 
no significant evolution in the number density of "normal" galaxies.89 This is 
compatible with the predictions of CHDM with two neutrinos sharing a total 
mass of about 5 eV [Ref. 90] (see below). 



8 Early Structure Formation 
In linear theory, adiabatic density fluctuations grow linearly with the scale factor 
in an ft = 1 universe, but more slowly if ft < 1 with or without a cosmological 
constant.5 8 As a result, if fluctuations of a certain size in an ft = 1 and an 
fto = 0.3 theory are equal in amplitude at the present epoch (z = 0), then at 
higher redshift, the fluctuations in the low-ft model had higher amplitude. Thus, 
structures typically form earlier in low-fl models than in ft = 1 models. 

Since quasars are seen at the highest redshifts, they have been used to try 
to constrain ft = 1 theories, especially CHDM, which because of the hot compo
nent has additional suppression of small-scale fluctuations that are presumably 
required to make early structure (e.g., Ref. 91). The difficulty is that dissipation-
less simulations predict the number density of halos of a given mass as a function 
of redshift, but not enough is known about the nature of quasars—for example, the 
mass of the host galaxy—to allow a simple prediction of the number of quasars as 
a function of redshift in any given cosmological model. A recent study 9 2 concludes 
that very efficient cooling of the gas in early structures, and angular momentum 
transfer from it to the dark halo, allows for formation of at least the observed 
number of quasars even in models where most galaxy formation occurs late. 

Another sort of high redshift object which holds more promise for constraining 
theories is damped Lyman a systems (DLAS). DLAS are dense clouds of neutral 
hydrogen, generally thought to be protogalactic disks, which are observed as wide 
absorption features in quasar spectra.9 3 They are relatively common, seen in 
roughly a third of all quasar spectra, so statistical inferences about DLAS are 
possible. At the highest redshift for which data is published, z = 3-3.4, the 
density of neutral gas in such systems in units of critical density is ftJ0, « 0.6%, 
comparable to the total density of visible matter in the universe today.9 4 Several 
recent papers 9 5 pointed out that the CHDM model with ft„ = 0.3 could not 
produce such a high Q.gas. However, my colleagues and I showed that CHDM 
with ft„ = 0.2 could do so, 9 6 since the power spectrum on small scales is a very 
sensitive function of the total neutrino mass in CHDM models. This theory makes 
two crucial predictions:96 ftJ0, must fall off at higher redshifts z, and the DLAS 
at z J> 3 correspond to systems of internal rotation velocity or velocity dispersion 
less than about 100 km s" 1 (this can be measured from the Doppler widths of the 

metal line systems associated with the DLAS). Preliminary reports regarding the 
latest data at redshifts above 3.5 appear to be consistent with these predictions.97 

One of the best ways of probing early structure formation would be to look 
at the main light output of the stars of the earliest galaxies, which is redshifted 
by the expansion of the universe to wavelengths beyond about five microns to
day. Unfortunately, it is not possible to make such observations with existing 
telescopes; since the atmosphere blocks almost all such infrared radiation, what 
is required is a large infrared telescope in space. The Space Infrared Telescope 
Facility (SIRTF) has long been a high priority, and it would be great to have 
access to the data such an instrument would produce. But even if NASA started 
such a mission immediately, it would not be available until the next millennium. 
In the meantime, an alternative method is to look for the starlight from the earli
est stars as extragalactic background infrared light (EBL). Although it is difficult 
to see this background light directly because our galaxy is so bright in the near 
infrared, it may be possible to detect it indirectly through its absorption of TeV 
gamma rays (via the process 77 -» e + e~). Of the more than 20 AGN's that 
have been seen at ~ 10 GeV by the EGRET detector on the Compton Gamma 
Ray Observatory, only one, the nearest, Mk421, has also been clearly detected in 
TeV gamma rays by the Whipple Atmospheric Cherenkov Telescope. Absorption 
of TeV gamma rays from active galactic nuclei (AGN's) at redshifts z ~ 0.2 has 
been shown to be a sensitive probe of the era of galaxy formation.98 

9 Neutrino Mass 
There are several experiments which suggest that neutrinos have mass. In partic
ular, the recent announcement of the observation of v^ -»• ue oscillations at the 
Liquid Scintillator Neutrino Detector (LSND) experiment at Los Alamos suggests 
that Sir? = |m(i^) 2 — m(j/ e) 2| « 6 eV2 (see Ref. 99), and the observation of the 
angular dependence of the atmospheric muon neutrino deficit at Kamiokande100 

suggests i/f, -> vT oscillations are occurring with an oscillation length comparable 
to the depth of the atmosphere, which requires that the muon and tau neutrinos 
have approximately the same mass. If, for example, m{ve) <g m(i/^), then this 
means that 771(1/,,) w m{uT) « 2.4 eV (Ref. 101). Clearly, discovery of neutrino 
mass in the few eV range favors CHDM; and, as I mentioned above, this total 
neutrino mass of about 5 eV is just what seems to be necessary to fit the large 



scale structure observations.90 Dividing the mass between two neutrinos results 
in a somewhat lower fluctuation amplitude on the scale of clusters of galaxies 
because of the longer neutrino free-streaming length, which improves agreement 
between CHDM normalized to COBE and observations of cluster abundance.101 

Of course, one cannot prove a theory since contrary evidence may always turn 
up. But one can certainly disprove theories. The minimum neutrino mass required 
by the preliminary LSND result" dm2 = 6 eV2 is 2.4 eV. This is too much hot 
dark matter to permit significant structure formation in a low-fi universe; for 
example, in a ACDM model with fio = 0.3, the cluster number density is more 
than two orders of magnitude lower than observations indicate.1 0 1 Thus if this 
preliminary LSND result is correct, it implies a strong lower limit on fio, and a 
corresponding upper bound on A, in ACDM models. 

10 Conclusions on Q, 
The main issue that I have tried to address is the value of the cosmological density 
parameter fi. Strong arguments can be made for fi0 « 0.3 (and models such as 
ACDM) or for fi = 1 (for which the best class of models that I know about is 
CHDM), but it is too early to tell for sure which is right. 

The evidence would favor a small fi0 & 0.3 if (1) the Hubble parameter ac
tually has the high value Ho « 80 favored by many observers, and the age of 
the universe to > 13 Gy; or (2) the baryonic fraction ft = Mk/Mlot in clusters is 
actually ~ 20%, about three to four times larger than expected for standard Big 
Bang Nucleosynthesis in an £2 = 1 universe. This assumes that standard BBN is 
actually right in predicting that the density of ordinary matter fit lies in the range 
0.009 < fit h2 < 0.02; if the systematic errors in the 4He data are larger than 
currently estimated, using the deuterium upper limit fij,/i2 < 0.03 lessens the dis
crepancy between ft and fit somewhat. High-resolution, high-redshift spectra are 
now providing important new data on primordial abundances of the light isotopes 
that should clarify the reliability of the BBN limits on fij,. Another important con
straint on fit will come from the new data on small angle CMB anisotropics—in 
particular, the height of the Doppler peaks. 1 0 2 

The evidence would favor fi = 1 if (1) the POTENT analysis of galaxy-peculiar 
velocity data is right, in particular, regarding outflows from voids or the inabil
ity to obtain the present-epoch non-Gaussian density distribution from Gaussian 

initial fluctuations in a low-fi universe; or (2) the preliminary report from LSND 
indicating a neutrino mass > 2.4 eV is right, since that would be too much hot 
dark matter to allow significant structure formation in a low-fi ACDM model. 

The statistics of gravitational lensing of quasars is incompatible with large 
cosmological constant A and low cosmological density fi0. Discrimination between 
models will improve fairly rapidly as additional examples of lensed quasars are 
sought. 

The era of structure formation is another important discriminant between 
these alternatives, low fi favoring earlier structure formation, and fi = 1 favoring 
later formation with many clusters and larger-scale structures still forming today. 
A particularly critical test for models like CHDM is the evolution as a function of 
redshift of ilga, in damped Lya systems. 

Reliable data on all of these issues is becoming available so rapidly today that 
there is reason to hope that a clear decision between these alternatives will be 
possible within the next few years. 

What if the data ends up supporting what appear to be contradictory pos
sibilities, e.g., large fio and large Ho? Exotic initial conditions (e.g., "designer" 
primordial fluctuation spectra) or exotic dark matter particles beyond the simple 
"cold" vs. "hot" alternatives (e.g., decaying intermediate mass neutrinos) could in
crease the space of possible inflationary theories somewhat. But it may ultimately 
be necessary to go outside the frameworkof inflationary cosmological models and 
consider models with large scale spatial curvature, with a fairly large A as well 
as large fio- This seems particularly unattractive, since in addition to implying 
that the universe is now entering a final inflationary period, it means that infla
tion did not happen at the beginning of the universe, when it would solve the 
flatness, horizon, monopole, and structure generation problems. Therefore, along 
with most cosmologists, I am rooting for the success of inflation-inspired cosmolo
gies, with fio + OA = !• But the universe is under no obligation to live up to our 
expectations. 



11 Pa r t I I . Improved Ways to Compare 
Simulations to Data 

Theoretical models for structure formation with Gaussian initial fluctuations have 
been worked out in considerable detail and compared with observations on various 
scales. It is on nonlinear scales ;£ 10 h'1 Mpc that the greatest differences exist 
between ft = 1 models that have been normalized to agree on the largest scales 
with the COBB data; here especially, there is a need for better statistical tests 
which are simultaneously robust, discriminatory, and interpretable. The era at 
which galaxy and cluster formation occurs is also a critical test of some models. 
Needs for the future include faster and more clever codes, better control of cos
mic variance in simulations, better understanding of processes leading to galaxy 
formation, better ways of comparing observational data with models, and better 
access to observational and simulation data. 

Although many cosmological models have been considered by various authors, 
I propose to concentrate here on a particular class of such models, namely those 
inspired by the hypotheses of inflation (hence with ft = 1, or at least curvature 
k = 0, and a near-Zel'dovich primordial spectrum of adiabatic fluctuations) and 
(all or mostly) cold dark matter. I do this not only because I believe that such 
models still have the best prospects of ultimately being found to be consistent 
with the data. My main motivation for concentrating on these models is that 
they are well-specified, in the sense that they are described by a small number 
of adjustable parameters (unlike general non-Gaussian models, for example), and 
very predictive, in the sense that many of their consequences can be worked out 
fairly easily with relatively few uncontrolled approximations. Thus, they can be 
confronted rather directly with the observational data, and eventually most (or 
all) such theories can actually be ruled out—as standard CDM already has been 
(or is close to being) ruled out. If a small class of such models survive, they may 
actually have something to do with the real universe. Even if not, this research 
should help to develop better statistical methods for comparison of cosmological 
theories with observational data. 

The great advantage of keeping a tentative theory in mind as one thinks about 
data is that it helps in organizing the facts. If it is a good theory, it will also call 
attention to particularly important facts—especially those that may contradict it! 
CDM stimulated the creation of better models of the origin and evolution of galax

ies and large scale structure, it helped motivate the acquisition and analysis of 
crucial data, and it has been a valuable test bed for data analysis tools—allowing, 
for example, development and testing of the POTENT'algorithm1 0 3 for recon
structing the total density field from measured peculiar velocities. Comparison of 
the original standard ft = 1 CDM model and its variants (cf. e.g., Ref. 13) with 
the observational data has certainly been useful during the past decade. 

12 Testing Models 
It is useful to divide the discussion of how to confront models with the observa
tional data according to the scale of the observations: (a) greater than 100 Mpc, 
(b) 10-100 Mpc, (c) less than 10 Mpc, and (d) early structure formation. If we 
restrict attention to CDM-like ft = 1 models, the data on the largest scales (a) is 
probably useful mainly for establishing the normalization of the fluctuations, mea
suring the contribution of gravity waves, and testing inflation. For low-ft CDM 
models with a cosmological constant A such that the curvature vanishes (i.e., with 
QA = A/(3 Ho) = 1 — fto), data on the power spectrum P(fc) of galaxies and es
pecially of the mass will be a crucial test, since if normalized to COBE 1 0 4 these 
models predict much higher P(k) than ft = 1 CDM; however, the available data 
on the largest scales (mainly from the APM angular correlations and from the 
CfA2 + SSRS2 data 1 0 5) is not yet a powerful constraint on theories. Comparing 
with the data on smaller scales tests the gravitational clustering hypothesis, and 
(assuming gravitational clustering is valid) the spectral shape and other features 
of the cosmological model, including the cosmological parameters Ho, A, and ft, 
and the nature of the dark matter—e.g., whether it is a mixture of cold and hot 
dark matter. With a given normalization of the spectrum, the smaller scale data 
also tests the shape of the primordial spectrum (e.g., whether there is "tilt"). 
But there are many problems with actually carrying out this program even when 
large-scale redshift surveys become available, perhaps the worst of which is the 
uncertainties about galaxy formation which make identification of "galaxies" in 
the simulations uncertain. Fortunately, there are several ingenious new techniques 
that promise to improve this situation. For example, weak gravitational lensing1 0 6 

or extension of peculiar velocity surveys to larger scales (which requires new ways 
of measuring distance independent of redshift, or of measuring the peculiar ve-



locity directly, e.g., by the Sunyaev-Zel'dovich velocity term) may allow direct 
determination of the distribution of mass on large or even very large scales. 

12.1 Very Large Scales 
The shape of the power spectrum deduced from the two-year COBE data and 
other large-angle CBR measurements is consistent with a power-law primordial 
power spectrum P(k) = Akn' with np « 1.1 ± 0.3, and with the rms amplitude 
quoted as the quadrupole for an np = 1 spectrum given by Q,m,-P, « 20/xK 
(Ref. 104). If a CDM spectrum is normalized to this amplitude for h = 0.5, 
it appears to be consistent with all the available data on large scale structure 
(LSS) down to scales of approximately 100 h - 1 Mpc (e.g., Refs. 103, 107, and 
108). But the amplitude of the LSS is presently known at best to about ± 25%— 
that is roughly the uncertainty on the large-scale bulk velocity (e.g., Ref. 103), 
which at least measures the mass-power spectrum. The amplitude of the galaxy 
or cluster power spectrum has the further uncertainty that the ratio of the rms 
fluctuation amplitudes of these objects to that of the mass, i.e., the "bias" 6gai = 
(^)gai/(^)mM8, is known rather poorly. Indeed, the extent to which the bias of a 
given category of astronomical objects can be regarded as a constant even on a 
given scale is not very well-tested. 

Within these fairly large uncertainties, the consistency between the CMB data 
and the LSS data supports the validity of the gravitational clustering hypothesis. 
In order to really test both this and the hypothesis of cosmic inflation, it will be 
necessary to do better. Perhaps the most important issue is the contribution of 
gravity waves. These tensor modes can contribute to the low spherical harmonics 
i £ 20 of the CMB temperature fluctuations, but hardly at all to the higher £ 
ones; and they are, of course, irrelevant to the formation of structure, to which 
only the scalar mode density fluctuations contribute. In principle, the tensor 
contribution can be determined by comparing the large and small angle CMB 
anisotropies, but in practice, this will require more accurate CMB measurements 
on small scales than are presently available and also knowledge of fi^ and the 
extent of ionization of the universe after the recombination era, both of which 
have a strong influence on the amplitude of the CMB fluctuations near the first 
Doppler peak, £ ~ 200. For the time being, it is perhaps best to regard the 
COBB normalization Q,m,-?i ~ 20 as an upper limit to the density fluctuation 

amplitude, since the tensor and scalar modes add in quadrature. One of the 
most urgent issues for CMB studies is to determine a lower limit on the density 
fluctuation amplitude by constraining the tensor mode amplitude. This will allow 
improved tests of the gravitational clustering hypothesis and measurement of the 
"tilt" of the primordial fluctuation amplitude. 

All the nearby surveys, such as the CfA2 survey with an effective depth of 
about 15,000 km/s, have found structures as large as the surveys themselves. 
This left open the possibility that still larger structures would be found by even 
larger surveys, which would contradict the gravitational clustering hypothesis 
(e.g., Ref. 109). Although the very large scale periodicity of peaks in the galaxy 
distribution with a length scale of ~ 135 ft"1 Mpc seen in the BBKS 1 1 0 pencil 
beam redshift survey was unexpected in any cosmological model, 1 1 1 it is signifi
cant that no indications of still larger scales were seen in this data (preliminary 
reports indicate that pencil beams in different directions also have peaks with 
such separations but not such strong periodicity). Large scale redshift surveys 
are now in progress, notably the KOSS southern sky redshift survey and the ESO 
Key Project. Preliminary reports suggest that no larger structures have in fact 
been found (Kirshner characterizes this as "the end of greatness"), again support
ing the gravitational clustering hypothesis. The much larger scale surveys just 
beginning—the Two Degree Survey at the AAT and the Sloan Digital Sky Sur
vey at the Apache-Point Observatory—will be able to measure the sizes of these 
large structures and characterize their correlations, shapes, and other statistical 
properties. These will provide essential constraints on models of cosmic structure 
formation. These statistical properties appear on the basis of the data available 
at present to be consistent with the expectations from CDM-type models, but it 
remains to be seen whether this is true for topological defect models. 

12.2 Large-Scale Structure (~ 10-100 Mpc) 

On these scales, a great deal of galaxy redshift data 1 1 2 and peculiar-velocity data 1 0 3 

is already available, although much of it remains unpublished. There are also sev
eral redshift surveys for optically selected clusters, and large-scale redshift surveys 
for x-ray selected clusters (which are likely to be less affected by projection effects 
and galactic obscuration) are now in progress. Comparison of the spectrum of 



fluctuations measured with this data and with the small-angle CMB data when it 
is available will eventually provide a test of the gravitational clustering hypothesis. 

Comparison with specific theories must be done on the basis of nonlinear sim
ulations since on these scales, linear theory is no longer reliable. All the available 
tests—power spectra of galaxies and mass (a preliminary POTENT result), galaxy 
and cluster correlations, skewness, and higher moments of the pdf—suggest that 
CDM, normalized to fit on scales of 100 Mpc and above, fits increasingly poorly 
on smaller scales; it has too much power. For example, CDM predicts far too 
many clusters,10 and it predicts that mass autocorrelations become negative for 
separations beyond about 30 ft-1 Mpc, while all measurements of cluster correla
tions show that they remain significantly positive for separations out to ~ 50 h-1 

Mpc. These correlations are sensitive to the slope of the power spectrum and 
indicate a steeper decline with increasing k than CDM. 

12.3 Intermediate Scales (Less Than 10 Mpc) 
It is on scales less than about 10 Mpc that the greatest differences exist between 
fi = 1 CDM variants that have all been normalized to agree on the largest scales 
with the COBE data. It is on these scales that galaxy locations and velocities, as 
revealed by relatively dense redshift surveys (i.e., with fainter galaxies included), 
have the greatest potential to help discriminate between cosmological models, for 
example, those containing more or less of various mixtures of cold and hot dark 
matter, with or without a cosmological constant. (Someday, there may be enough 
galaxy-peculiar velocities based on accurate distance measurements independent 
of redshift to allow these to be used to discriminate between theories on small 
scales, but for the time being, it remains necessary to smooth peculiar-velocity 
data over scales of at least 5 Mpc to overcome the large uncertainty in each such 
measurement.) The statistics that have been used for this purpose include N-
point functions, the void probability fuuction VPF and related functions, skewness 
and kurtosis coefficients 53 and Si, multifractal analyses, the genus density, etc. 
These statistics indicate that galaxies exhibit hierarchical scaling as expected in 
gravitational clustering models, but most of these statistics (with the possible 
exception of the VPF, see e.g., Ref. 113) do not appear to be able to discriminate 
very efficiently in redshift space between alternative Gaussian models—although 

they may discriminate between these and non-Gaussian (e.g., Ref. 114) or scale-
dependent-bias models (e.g., Ref. 115). 

Simulations are of random patches of the universe, so comparisons with obser
vational data must be statistical. There are broadly two different approaches to 
making such comparisons; one can work either in the "theoretical plane"—i.e., at
tempt to "correct" the data for selection effects, redshift space effects, etc.—or 
in the "observational plane"—i.e., "observe" the simulations. As computational 
power has grown, it has become increasingly advisable to observe the simula
tions rather than attempt to correct the data, since simulations have much more 
information—for example, the velocity as well as location of each object identified 
as a galaxy. Thus, it is possible to construct magnitude-limited redshift surveys 
from simulations with no ambiguity in the conversion to redshift space, but it is 
more difficult to recover real space information from only redshift space data. 

On the other hand, one should not underestimate the difficulties of simulating 
observational data. Perhaps the greatest problem is determining which objects in 
the simulations are to be identified with observed galaxies. In dissipationless simu
lations, with only dark matter included, perhaps the worst problem is overmerging. 
Nearby dark-matter halos merge into large blobs, even though in the real universe 
the individual galaxies within a group or cluster can retain their separate identities 
since the gas can condense a great deal within the larger dark-matter halos. Even 
in hydrodynamical simulations (e.g., Ref. 116) there are serious limitations; only 
limited spatial resolution is available with even the largest supercomputers, and 
many relevant physical processes such as energy input from stars and supernovae 
are neglected or treated superficially. Although the main strengths and limita
tions of the several different approaches to hydrodynamical simulations seem to 
be reasonably well-understood (see e.g., Ref. 117), the accuracy and resolution 
currently available is limited. 

The necessary art, at the present stage of cosmology, is to invent statistical 
tests that are both robust and discriminatory. Robust means that the difficul
ties of the sort mentioned above—e.g., in galaxy identification or "illumination" 
(assignment of luminosity to objects identified as galaxies)—do not significantly 
affect the statistical results. And discriminatory means that the statistical tests 
give significantly different results for the various cosmological models that are of 
interest. That a given statistical test is actually robust and discriminatory can 
be checked by trying a wide variety of different approaches to galaxy identifica-



tion and illumination of simulations of a number of different cosmological models. 
A further desirable feature of cosmological statistics is interpretability in terms of 
the physical assumptions or observational consequences of the cosmological model 
in question. For example, the matter two-point correlation function is just the 
Fourier transform of the (nonlinear, i.e., evolved) power spectrum P(fc), which is 
of fundamental theoretical importance. 

For examples of such statistics and tests by my collaborators and students, see 
e.g., Refs. 66 and 68 (galaxy group statistics),1 3 2 (void probability function), 1 1 9 ' 1 2 0 

(shape statistics). To avoid the problem of cosmic variance, discussed in more 
detail in the next section, we should ideally have compared many cosmological 
models by running simulations of them with the same random numbers (produc
ing, for example, the same random phases). In the test-bed of simulations that 
we had available, this was only possible to a limited extent, but we are improving 
on this. 

13 Large-Scale Constrained Realizations 
A great deal of effort is being devoted to creating improved methods of doing 
dissipationless and hydrodynamical cosmological simulations. In a new research 
project with Avishai Dekel and our students and other collaborators, we pro
pose to complement this by developing more efficient methods for setting upsuch 
simulations, for comparing the results to observational data. 

The distribution and velocities of galaxies on scales of ~ 1-10 / i - 1 Mpc as 
revealed by redshift surveys are particularly sensitive to. the nature of the dark 
matter, but discriminatory statistics such as relative galaxy velocities are also 
sensitive to the largest waves in the simulation volume. Because there are only a 
few such waves, they cannot fairly represent the Gaussian distribution assumed 
in models. Moreover, the dominant structures—rich clusters, "great walls"—in 
the largest dense redshift surveys such as PPS, CfA2, and SSRS2 also strongly 
affect statistics such as velocities. The solution we propose is to do simulations 
to be compared to specific redshift surveys, using the technique of constrained 
Gaussian realizations to set up initial conditions that will produce these dominant 
structures, with smaller waves put in and the simulation evolved to the present 
using the mixture of cosmological parameters (H0, fi, and A), and dark-matter 
types according to each model to be tested. This "Large Scale Constrained Re

alizations" (LSCR) approach certainly needs much development and testing; but 
assuming that it works as well as we hope, we anticipate that it could grow into 
a major addition to the technology of observational cosmology. 

Cosmic variance is perhaps the most serious problem in comparing simulations 
such as ours to redshift data. The cosmic scatter between random realizations is 
artificially large because the perturbations of the largest scales are represented by 
only a few waves and they therefore do not represent properly a Gaussian field. 
Each such realization is therefore typically dominated by one or a few large-scale 
waves, with'strong systematic effects on the small-scale structure of interest, and 
especially on the velocities. A brute force way to beat this cosmic scatter is by 
averaging over many random realizations, but this can be quite expensive and 
impractical with full N-body simulations, although it is quite practical with the 
truncated Zel'dovich approximation (e.g., Ref. 121). 

A much more economical way would be to fix the large-scale structure in 
the initial conditions at its true pattern and generate random realizations of the 
relevant small-scale structure only. The large waves on scales > 20 h~l Mpc 
in regions of our cosmological neighborhood covered by dense redshift surveys 
can be extracted from the IRAS redshift surveys or from peculiar velocity data 
(e.g., using the POTENT reconstruction).103 These large-scale constraints will be 
imposed on a random Gaussian realization of smaller waves representing each of 
the models of interest using the technique of Hoffman.122 

We also need to test the effectiveness of the overall LSCR procedure. For 
example, we plan to impose LS constraints from both CHDM and ACDM simu
lations, use the LSCR procedure to set up initial conditions for each model with 
the same parameters, and then evolve all four models—CHDM-CHDM, ACDM-
ACDM, and the two-crossed models—to the present. We can then see how well we 
can recover the same statistical results on various tests as in the original CHDM 
and ACDM models, and understand the nature of the biases, if any, in the crossed 
models. 

14 Early Structure Formation 
A major difference between cosmological models is in their predictions for the 
origins of galaxies, clusters, and large-scale structure, and the evolution of these 
with redshift. Detection of large-mass collapsed objects at high redshift would 



certainly be contrary to the predictions of models with ft = 1, especially models 
such as CHDM in which small-scale fluctuation power is significantly suppressed 
compared to standard CDM. For example, a possible detection of a large HI cloud 
was reported but not confirmed; the upgraded Arecibo telescope and the Giant 
Meter-Wave Radio Telescope will soon provide sensitive tools for searching for such 
clouds at high redshift. Detections of galaxy clusters and quasar superclusters at 
redshifts z ~ 2 have also been reported, and there are some remarkable HST 
WFPC2 pictures of clusters at redshifts z ~ 1. Although the striking differences 
between the galaxies in such clusters and those at lower redshift support earlier 
indications that cluster galaxies have evolved significantly since redshift 1, galaxies 
in the field appear to have evolved less dramatically since the universe was half 
its present age (e.g., Ref. 123). The most useful data would provide indications 
of the number densities of the objects (e.g., galaxies or clusters) considered at 
various redshifts as a function of their mass (indicated, for example, by internal 
velocity dispersion or gas temperature), since that is what simulations predict 
most directly. 

One of the most useful data sets for comparison with theories of structure 
formation is provided by absorption lines in the spectra of high-redshift quasars. 
The absorption systems with the highest density of neutral gas—known as damped 
Lyman a absorption systems—are presumably protogalaxies, and the quantity of 
gas in such systems at redshift z ~ 3 is roughly the same as the amount of 
ordinary matter in all the stars and gas that we can see in the universe at the 
present epoch (see e.g., Ref. 124). An important question that will discriminate 
strongly between various cosmological models is whether the quantity of gas in 
such systems peaks at redshifts about three to four, as expected in models where 
structure forms relatively late, such as CHDM (see e.g., Ref. 125), or increases to 
still higher redshift, as expected in models such as ACDM where structure forms 
significantly earlier. 

15 Needs for the Future 

Perhaps the most important information needed as a basis for constructing the first 
fundamental theory of cosmology is the values of the fundamental cosmological 
parameters, especially Ho, ft, and A. Below, we summarize a number of other 
areas in which progress is needed. 

Bigger computers, faster and more clever codes, shared software. The greatest 
dynamical range in force resolution currently available is only a little better 
than three orders of magnitude in dissipationless simulations, worse in hy-
drodynamical simulations. This means that in a simulation with a 100 Mpc 
box, not large enough to simulate large surveys and large structures such as 
the Great Wall, the resolution is not much better than 100 kpc, an order 
of magnitude larger than the visible parts of galaxies. Moreover, there is a 
tradeoff between mass and force resolution; codes that permit better force 
resolution use fewer particles and thus have poorer mass resolution. A few 
groups such as the Grand Challenge Cosmology Consortium (GC3) have re
cently devoted a great deal of effort to developing new and improved codes 
that exploit the new generation of massively parallel supercomputers that is 
now becoming available. It is very desirable that these codes become widely 
available so that the entire cosmology community can benefit. New technolo
gies for visualization of the results of supercomputer calculations also hold 
considerable promise. 

Cosmic variance. One of the worst problems with all simulations is cosmic 
variance; since only a random patch of universe is simulated, a number of 
such simulations must be compared to a number of regions for which galaxy 
survey data is available, and it is not clear that even the largest redshift 
surveys yet completed provide fair samples. This problem is exacerbated 
by the fact that, as many calculations have shown, there is a feed-down of 
effects from large structures to small; for example, rms pairwise velocities are 
strongly influenced by the presence of relatively rare rich clusters of galaxies 
(see e.g., Ref. 105). Controlling cosmic variance is one of the most important 
challenges for current theory, until really large simulations can be compared 
to really large data sets such as the SDSS. 

Better understanding of processes leading to galaxy formation. Since galaxy for
mation includes a number of generations of stars, including supernovae and 
the resulting chemical evolution, and perhaps often also involves more exotic 
objects such as the massive black holes thought to power active galactic nu
clei, developing a secure understanding of these formation processes is likely 
to take a long time. It is even possible that a general theory of cosmology, 
including at least a general outline of the initial conditions and the nature 



of the dark matter, will precede rather than follow a detailed understanding 
of galaxy formation. No doubt a great deal of data on galaxies in both early 
and intermediate stages of formation will be necessary. Fortunately, such 
data is now coming from the new generation of great telescopes in space and 
on the ground. But present-epoch galaxies are brightest in the near infrared, 
and higher-redshift galaxies are expected to be brightest in the several mi
cron band which can only be accessed from space. A large space infrared 
telescope such as SIRTF has long been seen as a high priority for astron
omy, and the need for it was reiterated several times during the Snowmass 
workshop. Meanwhile, we will need to make use of even indirect data such 
as the amount of extragalactic background infrared light from early galaxies, 
which can perhaps be probed by its absorption of TeV photons from AGN's 
via pair production.125 

Better ways of comparing observational data with models. We need new and bet
ter statistical tests, which are both robust against the difficulties of galaxy 
identification in simulations, and the biases and selection effects always present 
in survey data, and discriminatory between the classes of cosmological mod
els of interest. On the whole, it is probably better to compare theory with 
data by "observing" simulations rather than "correcting" data. It is very de
sirable that standard software becomes available to theorists and observers, 
so that standard versions of various statistics can be tried on many datasets 
from simulations and observations. 

Better access to observational and simulation data. It is unfortunate that the 
only dense redshift survey covering a reasonably large volume which is pub
licly available is the 1982 CfAl survey. Many papers have been published 
analyzing data from newer and larger redshift surveys in the years since 
then, but the redshift data remains largely unavailable. It is also desirable 
that simulation data (e.g., catalogs of objects identified as galaxies) be made 
available. The journals and funding agencies should ask a committee of ob
servers and theorists to establish reasonable rules regarding access to such 
data—for example, all data used for a given paper must be made publicly 
accessible within one year of the publication of the paper—and ask referees 
to help enforce these rules. The POTENT group has set a good example of 
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the sort of public access advocated here, by making their peculiar velocity 
dataset available in a timely way and in convenient form. 

16 Par t I II . Structure Formation in CHDM 
Cosmology 

In this part, I consider the formation of galaxies and large-scale structures in the 
universe in cosmological models that are spatially flat and in which most of the 
dark matter is cold. I particularly emphasize the consequences of light neutri
nos, with mass in the few eV range. The CHDM cosmological model appears 
to require about 5 eV of neutrino mass in order to produce early enough galaxy 
formation. These neutrinos would constitute hot dark matter accounting for a 
fraction fi„ = 0.2 (0.5/7i)2 of critical density, where h = ff0/(100 km s - 1 Mpc - 1 ) 
is the Hubble parameter. Recent experimental data suggests that this neutrino 
mass may be divided between two or more species of neutrinos. The linear calcu
lations and N-body simulations that I discuss here indicate that an CI = 1 CHDM 
cosmological model with two neutrinos each of mass « 2.4 eV (we will call this 
model Ci>2DM) agrees well with all available observations. However, my collab
orators and I find that this is true only if the Hubble parameter h « 0.5. I also 
consider CDM models with a cosmological constant A^and show that evidence for 
hot dark matter raises serious difficulties for low-ft ACDM models. 

The standard CDM cosmological model has too much power on small scales 
when normalized to COBE. Because of the large velocities of the light neutrinos 
that make up the hot component of CHDM, these neutrinos cluster less on small 
scales than the cold component of CHDM, thereby producing a lower abundance 
of clusters and smaller pairwise galaxy velocities in better agreement with obser
vations than standard CDM with the same large-scale normalization. Predictions 
of a CHDM model with a single massive neutrino species and fi„ = 0.3 (corre
sponding t o m „ « 7 eV for Hubble parameter h = 0.5) have been shown 6 8 ' 1 2 6 , 1 2 7 to 
agree well with observations, with the possible exception that galaxies may form 
too late to account for the observations of quasars and damped Lya systems 1 2 8 ' 1 2 9 

at high redshifts z J> 3 (Refs. 95 and 131). The latter observations can be ac
commodated 9 6 , 1 3 1 if the assumed neutrino mass in CHDM is lowered from ~ 7 eV 
to ~ 5 eV. Lowering the neutrino mass in CHDM also gives a better account of 



the Void Probability Function1 1 3 and of the properties of galaxy groups. 6 6 , 6 8 With 
one ~ 5/eV neutrino, COBE-normalized CHDM probably overproduces clusters, 
as we show below, but this can be avoided if the neutrino mass is shared between 
two or three species of neutrinos. 

As I explain in more detail in the following section, current experimental hints 
regarding neutrino masses suggest that the net neutrino mass of ~ 5 eV required 
for CHDM is shared among two or three species of neutrinos. In particular, if the 
deficit of atmospheric i/f, relative to ue is due to v^ -> vr oscillations, then the hot 
component must involve more than one species of neutrinos; because of the long 
baseline, the v^-Vr mass-squared difference must then be rather small, ~ 10~2 eV2. 
This is consistent with the possible detection of Vmu -> ue oscillations reported 
by LSND, which, if valid, requires neutrino mass in the range relevant for hot 
dark matter. The theory of r-process nucleosynthesis in type II supernovae that 
currently seems most promising imposes constraints on neutrino mass and mixing 
patterns, but an inverted neutrino mass hierarchy with uc being the heaviest meets 
these constraints. 

I will first summarize the experimental hints of neutrino masses from the (a) so
lar and (b) atmospheric neutrino deficits, and from (c) LSND. We also summarize 
recent work 1 0 1 showing that if we take seriously CHDM and all the hints (a)-(c) 
of neutrino mass, then the r-process nucleosynthesis constraint leads to an essen
tially unique pattern of neutrino masses and mixings. Then we will consider in 
more detail, the consequences of such neutrino masses for the formation of galax
ies and large scale structure in the universe, for cosmological models in which 
fi = 1 [or fi + fiA = 1. where flA = A/(3H$)] in which most of the dark matter 
is cold. We show that ft„ = 0.2 CHDM with the mass evenly shared between two 
neutrino species—Cv2DM—agrees better with observations than the one-neutrino 
version, better indeed than any other variant of CDM that we have considered. 
We also discuss other variants of CDM and show in particular that low-fi ACDM 
is incompatible with light neutrinos with m(i>) £ 2 eV. The material presented 
here is an updated version of that in Ref. 134; among other things, I now use the 
latest COBE normalization (corresponding to Q,ms-P, = 20ftK) for the larger set 
of cosmological models that we consider. 

17 Experimental Data on Neutrino Masses 
Evidence for a neutrino mass explanation of the solar vc deficit is now fairly 
convincing, since at least two of the three types of experiments have to be wrong 
to be compatible with some nonstandard solar models.1 3 4 If the solar vt deficit is 
due to MSW uc -» v^ or vt -> u, neutrino oscillations in the sun, the mass-squared 
difference between either pair of particles is Am2,- = |m(j/e)2—m(j/,-)2| ~ 10" 5 eV2. 
(Here u, denotes a "sterile" neutrino, one that contributes negligibly to the width 
of the Z°. An example is any right-handed neutrino, which would not participate 
in standard SU(2) X 1/(1) electroweak interactions.) 

Similarly, evidence for a neutrino mass explanation of the deficit of v^'s rel
ative to vt's in atmospheric secondary cosmic rays is also increasing, with com
patible results from three experiments,135 and especially, new information from 
Kamiokande.136 The latter includes accelerator confirmation of the ability to sep
arate ve and Vf, events, as well as an independent higher energy data set giving 
not only a u^/ug ratio agreeing with the lower energy data, but also a zenith-angle 
(hence, source-to-detector) dependence compatible with u^ -+ vt or v^ -> vT oscil
lations with Amji ss 10~2 eV2. Since almost the entire region of Am2,,. — sin2 28^ 
allowed by the Kamiokande data is excluded by data from the Bugey and Krasno
yarsk reactor neutrino oscillation experiments, v^ -+ vT oscillations are favored as 
an explanation of the atmospheric v^ deficit. Moreover, the absolute calculated 
vt and Vp fluxes—backed by measurements of n fluxes—agree with vt data but 
show a t/p deficit.137 (Because the mixing angle 6^ must be large to account for 
the near 50% deficit of atmospheric um v^ -> i/,, oscillation is disfavored because 
such large mixing would populate a fourth neutrino species in the early universe, 
contrary to Big Bang Nucleosynthesis constraints.138) 

The LSND experiment at Los Alamos has detected an excess of nine beam-
on events of a type for which the most plausible interpretation appears to be 
i/j, -4 ut oscillations, with a background of only £ 2.1 ± 0.3 events mimicking a 
ut, so the probability that the excess is a statistical fluke is < 10~3 (Ref. 141). 
These events have both a positron track and a correlated 7-ray consistent with 
P t + p -» e + + n, followed by capture of the neutron by a proton in the mineral 
oil filling the LSND tank to form a deuteron. If the LSND events are interpreted 
as PM -» i?e, the indicated mixing angle is sin2 29^ K 3 X 10~3. There are several 
ranges of mass-squared difference Am 2

e = |m(fM)2—Tn(i/e)2| which are compatible 



with the KARMEN1 4 2 and BNL E776 1 4 3 experiments, Am 2 , ~ 2, 6, and 10 eV2, of 
which ATOL ~ 6 eV2 appears to be favored, especially if the excess events LSND 
has detected of the uM -» vc type are also considered.141 If the ut mass is relatively 
small (£ 1 eV, as indicated for Majorana neutrino mass from neutrinoless double-
beta decay experiments), then Am 2 , ~ 6 eV2 implies that the v^ mass is ~ 6 1 / 2 * 
2.4 eV. This and the v^ -> ur explanation of the atmospheric v^ deficit then makes 
»n(j/̂ ) « m(vT) « 2.4 eV. It is this scenario for the hot dark matter in a CHDM 
cosmology which we will show below gives predictions that appear to be in good 
agreement with astronomical observations. 

However, a possibly disturbing consequence of taking all three hints of neutrino 
mass seriously is that the three incompatible Am 2 require a minimum of four 
neutrino species, i.e., a sterile neutrino v, in addition to ve, v^, and j / r

1 3 9 - . 1 0 1 The 
LSND limit Am2,, > 0.2 eV2 implies that atmospheric vM oscillations cannot be 
to ve so they must be v,, -> uT; then MSW solar ve oscillations cannot be to i/p or 
uT, so they must be ve -4 v,. 

An additional constraint that should perhaps be imposed on neutrino masses 
and mixings comes from r-process nucleosynthesis,144 which produces all the heavy 
chemical elements (e.g., gold). The favored site for this process is in a neutrino-
heated "hot bubble" well above the neutron star remnant; this model produces 
the observed abundance of r-process nuclei without any ad hoc parameters or de
pendence on the messy details of the type II supernova mechanism. However, 
matter-enhanced (MSW) neutrino oscillations vmu or vT -> vc will lead to a hard
ening of the vt spectrum and too much neutron depletion via ve + n -> e~ + p 
for successful r-process nucleosynthesis for the LSND-suggested neutrino mass 
Smlp « 6 eV2 and sin2 20 « 3 x 10~3—unless the mass of the ue is higher than 
that of v,, and uT, so that no level crossing can occur. (Level crossing and MSW 
oscillation then will occur for the antineutrinos, but this appears to be consistent 
with the SN87A neutrino signal.145) With the r-process constraint leading to an 
inverted neutrino mass spectrum, taken together with the previous three experi
mental hints of neutrino mass and the need to have about 5 eV of neutrino mass 
for CHDM cosmological models, the neutrino masses and mixings are determined 
essentially uniquely: m{ve) « 2.7 eV and m(v„) « m(ur) w 1.1 eV (Ref. 101). 
While it is remarkable that there actually is a consistent solution, we should also 
keep in mind the likelihood that not all these hints are right. For the purposes 
of the rest of this paper, we will consider CHDM with either one or two massive 
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neutrinos; if the same total mass were shared by three rather than two neutrinos, 
the cosmological implications would be very similar. 

18 Comparison of Cosmological Model 
Predictions with Observations 

COBE observations104 of fluctuations in the microwave background radiation pro
vide an upper limit (since they include possible tensor gravity wave as well as 
scalar density wave contributions) on the normalization of the spectrum of den
sity fluctuations in models of structure formation in the universe. When COBE 
normalization is used for the standard CDM model 1 4 6 in a critical density (fl = 1) 
universe with a Zel'dovich primordial power spectrum [P(k) = Akn' with np = 1] 
as predicted by simple inflationary models, this fits large-scale data but produces 
too much structure on smaller scales. 

We report (quasi)linear estimates for CDM and CDM variants in Table 1. All 
models in the table are normalized to COBE 1 0 4 , 1 4 7 except for the two models 
marked with an asterisk (*). The first two lines of numbers give our estimates 
of a variety of observational quantities and the uncertainties in them, from large 
to small scales. The bulk velocity at r = 50 ft-1 Mpc is derived from the latest 
J'OTENT analysis;148 the error includes the error from the analysis but not cosmic 
variance. However, similar constraints come from other data on large scales such 
as power spectra that may be less affected by cosmic variance since they probe 
a larger volume of the universe. We have estimated the current number density 
of clusters (A^|ust) from comparison of data on the cluster temperature function 
from x-ray observations with hydrodynamic simulations149 as well as from number 
counts of clusters.1 5 0 All recent estimates of the cluster correlation function give 
fairly large values at 30 A - 1 Mpc; 1 5 1 this also suggests that the zero crossing 
of the correlation function must exceed ~ 40 /i""1 Mpc. The linear estimate 
of pairwise velocities (a„) is not an observed value, since pairwise velocities are 
strongly influenced by nonlinear evolution. However, from previous experience 
with N-body simulations for various models, we have found that the results from 
simulations are about a factor of three or four larger than the linear estimate. The 
limit we quote here is our estimate of the maximum allowed linear value to match 
numbers derived from redshift surveys, although the statistics on velocities derived 



from these surveys may not be very robust 1 5 2 since they are heavily influenced by 
the presence of (relatively rare) clusters.1 5 3 To get a better estimate of pairwise 
velocities in our preferred Ci/2DM model, we have performed N-body simulations, 
as discussed below. The final column gives the observed density in cold hydrogen 
and helium gas at z = 3.0-3.5 from the latest observations of damped Lyman a 
systems.1 2 9 

The next two lines present predictions from the CDM model and illustrate 
its problems. The cluster correlation function at 30 h~* Mpc is smaller than 
observations indicate regardless of CDM normalization, reflecting the fact that the 
matter correlation function becomes negative beyond ~ 40 / i _ 1 Mpc. In addition, 
CDM normalized to COBB produces more than an order of magnitude too many 
rich clusters (this problem was emphasized by Ref. 155 when the COBB DMR data 
first became available) and excessive small-scale pairwise velocities. If CDM is 
normalized to as = 0.7 (or equivalently to linear bias 6 =. of 1 = 1.43), the cluster 
density problem is avoided, but small-scale velocities are still too large 6 6 , 6 8 ' 1 2 6 and 
bulk velocities on a scale of 50 ft-1 Mpc are probably too low. Even biased CDM 
is able to account for observations of damped Lya systems, judging from ftga», 
our Press-Schechter estimate of the amount of gas in collapsed halos at redshift 
z = 3-3.5. 

CDM is attractive because of its simplicity and the existence of well-motivated 
particle candidates (lightest superpartner particle and axion 1 5 6) for the cold dark 
matter; moreover, CDM came remarkably close to predicting the COBB sig
nal. So several variations have been tried to patch up the CDM model. Low
ering the normalization (introducing a lot of "bias") or "tilting" the primor
dial spectrum (assuming np « 0.7) improves agreement somewhat with data 
on intermediate (~ 10 Mpc, e.g., cluster) scales and small (~ 1 ft-1 Mpc, 
e.g., galaxy pairwise velocity) scales, but leads to serious disagreement with larger-
scale (30-100 h~l Mpc) measurements of galaxy bulk velocities and power spec
tra, and galaxy and cluster correlations. Less tilt will lead to serious overproduc
tion of clusters and large galaxy pairwise velocities—e.g., np = 0.9 with h = 0.45 
and no gravity waves, as advocated by Ref. 158, predicts Ndu,t = 2 x 10~6 and 
<7„ = 279, both calculated as in Table 1. 

From the viewpoint of agreeing with observations, the best variants of CDM 
that have been discussed158 add either a cosmological constant (ACDM) or a little 
hot (neutrino) dark matter (CHDM). The former assumes n w 0.3 and adds a 

Table 1: Comparison of Models — COBE normalization (except for models marked *): 
<?im.-p. = 20/iK, or a„ = 7.15 and a8 = 9.5 [28]. 

Model fib«r ilu Nv" m„° aa

b Vc Ndmtd (<*' r' °v" fig-* 
(%) (%) 50Mpc (1Q-7) 30Mpc 1 = 0 IMpc (1Q-3) 

OBSERVATIONS 335 4.0 0.30 > 40 < 200 3.0 
uncertainties 80 2.0 0.15 1.0 

CDM models, h=0.5 (t 0 = 13.0 Gy) 
COBE(<320) 7.5 0 0 0.00 1.28 422 100 0.12. 36 479 39 
biased* 7.5 0 0 0.00 0.70 231 1.2 0.08 36 262 14 

CHDM models, h=0.5 ( i 0 = 13.0 Gy) 
KHPR(C?2o) 10.0 30 1 7.04 0.78 425 16 0.40 51 117 2.4 
MQao) 7.5 20 1 4.69 0.89 423 27 0.30 52 184 12 
Cf2DM (Q17*) 7.5 20 2 2.35 0.67 347 2.4 0.35 70 144 4.6 
Ci/ 2DM(a„) 7.5 20 2 2.35 0.78 408 11 0.38 70 169 11 
C«/2DMn0.96 7.5 20 2 2.35 0.69 374 3.7 0.39 71 142 5.5 
Ci/2DMn0.94 7.5 20 2 2.35 0.63 350 1.5 0.39 72 128 3.3 

ACDM/ACHDM models, h = 0.7, fio = 0.3, and fiA = 0.7 (t 0 = 13.5 Gy) 
ACDM(a 8) 2.6 0 0 0.00 1.02 328 1.6 0.23 125 133 21 
ACHDM(«8) 2.6 5.3 1 2.44 0.69 342 0.08 0.43 135 60 0.0004 

ACDM/ACHDM models, h = 0.6, fi0 = 0.5, and fiA = 0.5 (<0 = 13.5 Gy) 
ACDM(a 8) 3.5 0 0 0.00 1.25 403 22 0.29 66 253 27 
ACHDM(ag) 3.5 7.2 1 2.43 0.86 390 3.2 0.50 100 122 3.5 

0 Nv is the number of v species with mass. If N„ > 1, each species has the same mass m„. 
* (AM/M)™ for -Rtop-ut = 8A"1 Mpc. 
e Bulk velocity in top-hat sphere of radius 50A - 1 Mpc. 
** Number density of clusters JV(> M) in units of 10~7A3Mpc~3 above the mass M = 
lO l sA - 1Af0, calculated using Press-Schechter approximation with Gaussian filter and Sc = 1.50. 
' The cluster-cluster correlation function amplitude at 30ft_1 Mpc, computed using linear theory 
[39: HP93] and assuming a unit bias factor for the dynamical contribution. 
' Zero crossing (£(r) = 0) of the correlation function in units of h~l Mpc. 
* Linear estimate of pairwise velocity at r = 1A - 1 Mpc scale: <rj = 2H$ f dk P(k)(l—sinkr)/kr. 
h Mean density of collapsed baryons at z = 3—3.5 in units of 10" 3 of critical density, calculated 
using Q f U = (Qk/ftc) edc(6e/y/2cr), with Sc = 1.4 [8], and a computed for mass 5 x lO loA -1iW0 
using Gaussian smoothing and assuming all gas is neutral. Since some gas may be ionized 
or removed by star formation, H g u for the various models should be at least as high as the 
observations. 



cosmological constant A such that Q\ s A/(3fl$) = 1 — fi to preserve flatness 
(predicted by inflation) as well as improve agreement with data. ACDM works 
best for a larger Hubble parameter h « 0.7 favored by many observers. It predicts 
relatively early galaxy formation since by late times, structure formation ceases 
as the universe goes into inflation caused by the positive cosmological constant. 

The problem with CDM is that it has too much power on small scales relative 
to power at large scales. Since the presence of light neutrinos reduces small scale 
power (because neutrino free streaming causes neutrino perturbations to damp on 
smaller scales, and this in turn leads to a slower growth rate for the fluctuations 
in the cold component of CHDM), including a neutrino component improves the 
agreement of model predictions with observations. 

The first version of CHDM to be studied in detail 1 2 6 ' 1 2 7 assumed 60% cold, 
30% hot (corresponding to a neutrino of mass 94 /i2ft„ « 7 eV), and 10% bary-
onic matter, with ft = 1 and h = 0.5. This version of CHDM fits galaxy and 
larger scale structures in the present-epoch universe quite well. The small-scale 
velocities in this model are almost small enough1 2 6 to agree with the old result 
<r(l h~x Mpc) = 340 km s" 1 from the CfAl survey.155 However, this result is now 
known to be in error because of the accidental omission of the Virgo cluster;159 

as we mentioned above, this is not a very robust statistic. A direct comparison 
of galaxy groups in "observed" CDM and CHDM simulations with identically 
selected CfAl-groups shows that CDM-velocities are much too high, even with 
biasing, while the velocities in the fi„ = 0.3 CHDM model are in reasonable 
agreement. 6 6 , 6 8 However, the fraction of galaxies in groups is slightly too high for 
n„ = 0.3 CHDM, while it is significantly too low for CDM. Thus, agreement is 
improved for a lower fi„. 

CHDM with fl„ = 0.3 has figas too small 9 5 ' 9 6 to account for the observed 
damped Lya absorption systems. 1 2 8 , 1 2 9 This model forms galaxies too late since 
the large fraction of free-streaming neutrinos washes out small-scale density fluc
tuations too effectively. But the small-scale power in CHDM models is a very 
sensitive function of fi„, and lowering the hot fraction to about 20% solves this 
problem.96 However, this model (called \v in Table 1) may have too much power 
at intermediate scales and overproduces clusters, especially with the new COBE 
normalization. In order to avoid this, it should probably be normalized lower— 
which we might imagine could reflect some tilt and gravity waves—but the danger 
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is that this would result in too little early structure formation (because ftgu is 
exponentially sensitive to the power spectrum). 

These CHDM models have placed the needed neutrino mass in one flavor 
of neutrino, presumably the uT, whereas if the atmospheric v^ deficit is due to 
">i -> vT oscillations, this cannot be correct. If we take the evidence for atmo
spheric neutrino oscillations or the LSND indications seriously, then the ~ 5 eV 
mass ought to be shared about equally between the v,, and uT. Having two neu
trinos of 2.4 eV each, which we call the Ci/2DM model, produces an interesting 
effect: the ratio of the power spectrum for Cv2DM compared to that for CHDM 
with the same total neutrino mass in one species is essentially unity at large and 
small scales, but it has a dip of about 30% centered at ~ 10 h~l Mpc. The larger 
neutrino free-streaming length, resulting from a neutrino mass of 2.4 eV instead 
of twice that, lowers the abundance of clusters and gives better agreement with 
observations (cf. also Ref. 161). 

The first Cf2DM line in Table 1 gives the results for the first-year COBE 
normalization Q r m s_p S = 17/zK, for which all quantities are in good agreement 
with the astronomical data. The extra free streaming due to the smaller neutrino 
mass suppresses cluster formation. The small-scale power in this model is nearly 
identical to that in the \v version, so Cf2 also produces enough fi6as. Raising 
the normalization to the COBE two-year value 1 0 4 ' 1 4 7 leads to overproduction of 
clusters—though it is not as bad as for the It/ version. But this.couIdJb_e.cojm-
teracted by introducing a little tilt as shown by the next two lines in Table 1, 
which correspond to COBE-normalized147 chaotic inflation models with inflation 
potentials V(<j>) = m 2 ^ 2 and \<j>4 respectively, which lead to tilts n = 0.960, 0.939 
with quadrupole tensor-to-scalar power ratios (T/S)n = 0.126 and 0.255, which 
are reduced by about 15% for the £ = 11 multipole.161 These models are in good 
agreement with observations, except possibly for the small-scale velocities which 
must be tested by comparing simulations with data. We note that av is a fairly 
sensitive decreasing function of both fij, and ft„, decreasing nearly 10% if fii, is 
increased from 7.5% to 10% or if fi„ is increased from 20% to 22%. 

We are now in the process of analyzing results from new N-body simulations 
of Ci/2DM (high resolution 8003 PM mesh in a 50 hr1 Mpc box with 2563 cold 
and 2 x 2563 hot particles). The case simulated was the first of the Ci^DM ones 
in Table 1, with the lower first-year COBE normalization {Q = 17); although, 
as just discussed, we expect that the results will not be very different from those 

http://this.couIdJb_e.cojm-


for the higher normalization with a little tilt. We find that the hot particles 
are much more spread out than the cold ones, because the lower amplitude of 
the fluctuations in the hot component and their higher velocities even at late 
times [at z = 0, vrm, = 75 km s _ 1(m„/2.4 eV) - 1 from the Fermi-Dirac dis
tribution 1 5 6]. This implies that the usual growth rates for an ft = 1 cosmology 
should be lowered when velocities are estimated at z = 0 for ft = 1 CHDM, since 
the hot component clusters so much less. Projected pairwise velocities can be 
estimated from the simulation results by placing an "observer" in the box and 
measuring relative velocities along the line of sight for a given projected sepa
ration. 1 2 6 The dark matter particle pairwise velocity calculated in this way is 
^(projected, dark matter) = 560 km s _ 1 at 1 Ir1 Mpc separation. If we conser
vatively estimate that the velocity bias (the ratio of the rms velocity of the dark 
matter halos to that of the dark matter particles162) is 0.8, this corresponds to 
450 km s - 1 for galaxies, consistent with current observations (and, as expected, 
about a factor of three larger than the linear estimate in Table 1). As already 
mentioned, the Void Probability Function from these simulations is in excellent 
agreement with the PPS and CfA2 data. 1 3 2 

It is remarkable that, with the experimentally suggested neutrino masses, only 
cosmological models with h ss 0.5 match observations. As we discussed in Ref. 134, 
for h = 0.7—favored by many observers—CDM (CDM0.7) is an even worse fit to 
the data than for h = 0.5 because the larger h makes matter-dominance (oc ft/i2) 
occur earlier and thus moves the bend in the CDM spectrum to smaller scales, 
giving more intermediate and small scale power for a given large scale normaliza
tion. Adding two 2.4 eV neutrinos only slightly improves the situation, because 
this only gives fl„ ~ 0.1 for h = 0.7, so the spectrum is not modified very much. 
Of course, with large h, ft = 1 models also lead to too short a time since the Big 
Bang: i 0 = 2/(3tf0) = 6.52 Gy/h = 9.3 Gy for h = 0.7. 

A larger age is obtained for an open universe; in order to be consistent with 
inflation, we assume a positive cosmological constant. The maximum value of 
A allowed by the COBE data is ftA = A/(3tf0

2) w 0.78, 1 6 3 and the maximum 
allowed by quasar lensing statistics is ftA « O.7.164 For a flat (k = 0) universe 
with ftA = 0.7 and ft = 0.3, h = 0.7 corresponds to t0 = 13.5 Gy. Here, ACDM 
with these parameters is a good fit165 to the data. However, this model becomes 
much worse if even one neutrino of 2.4 eV is added, seriously underproducing 
clusters and ftgM because of the excessive fraction of hot dark matter suppressing 
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small-scale structure. Consequently, low-ft0 models have serious problems if any 
neutrinos have significant mass. Raising fto to 0.5 gives enough cold dark matter 
to counteract the poisoning of structure formation by a single neutrino species of 
2.44 eV mass, but this model must have a lower Hubble parameter to be consistent 
with t0 > 13 Gy (h > 62.5 for ft0 = 0.5). 

A similar situation occurs for ft = 1 Ci>2DM with h = 0.4, for which ft„ = 0.32 
with two 2.4 eV neutrinos. (Recall that for given m(i/), ft„ scales as h~2 since 
critical density is oc h2.) Because the bend in the CDM spectrum moves to larger 
scales as h decreases, there is less intermediate and small scale power for given 
large scale normalization; adding hot dark matter further decreases small scale 
power. We find that even with only one 2.4 eV neutrino, there is just not enough 
power to generate the observed number of clusters or high-redshift objects. 

19 Conclusions on Structure Formation with 
CHDM 

Ever since the early 1980s, there have been hints 1 6 6 that features on small and 
large scales may require a hybrid scenario in which there are two different kinds of 
dark matter. Preliminary studies of the CHDM scenario were carried out in 1984 
(Ref. 168), and it was first worked out in detail only in the last two years 6 8 , 1 2 6 ' 1 2 7 

with one massive neutrino. We have shown here that the Ci>2DM model, with 
Hubble parameter h = 0.5 and both neutrinos having a mass of 2.4 eV as suggested 
by ongoing experiments, gives a remarkably good account of all presently available 
astronomical data. New data on CMB, large-scale structure, and structure for
mation will severely test this highly predictive model. Results expected soon from 
{/-oscillation experiments will clarify whether indeed 771(1̂ ) ss m(uT) « 2.4 eV. 
Table 1 shows the implications of such neutrino masses for a variety of popular 
CDM-type cosmological models. If even just the v^ has a mass of 2.4 eV, as sug
gested by preliminary results from the LSND experiment, flat low-ft CDM models 
are disfavored. 
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Preface 

The purpose of these lectures is to introduce particle physicists to astrophysical techniques. 

These techniques can help us understand certain phenomena important to particle physics that 

are currently impossible to address using standard particle physics experimental techniques. As 

:he subject matter is vast, compromises are necessary in order to convey the central ideas to the 

eader. Many general references are included for those who want to learn more. The paragraphs 

>elow elaborate on the structure of these lectures. 1 hope this discussion will clarify my 

notivation and make the lectures easier to follow. 

The lectures begin with a brief review of more theoretical ideas. First, elements of 

;eneral relativity are reviewed, concentrating on those aspects that are needed to understand 

ompact stellar objects (white dwarf stars, neutron stars, and black holes). I then review the 

quations of state of these objects, concentrating on the simplest standard models from 

strophysics. After these mathematical preliminaries, Sec. 2(c) discusses The End State of Stars. 

lost of this section also uses the simplest standard models. However, as these lectures are for 

article physicists, I also discuss some of the more recent approaches to the equation of state of 

;ry dense compact objects. These particle-physics-motivated equations of state can dramatically 

lange how we view the formation of black holes. 

Section 3 focuses on the properties of the objects that we want to characterize and 

easure. X-ray binary systems and Active Galactic Nuclei (AGN) are stressed because the 

itures center on understanding very dense stellar objects, black hole candidates (BHCs), and 

eir accompanying high gravitational fields. The use of x-ray timing and gamma-ray 

periments is also introduced in this section. 

Sections 4 and 5 review information from x-ray and gamma-ray experiments. These 

:tions also discuss the current state of the art in x-ray and gamma-ray satellite experiments and 

ins for future experiments. 
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1. Introduction 
Along with QCD and the electroweak forces, gravity is one of the fundamental forces of nature. 

However, even though gravity was the earliest force to be described analytically and has more 

recently been embodied in General Relativity (GR), a complete understanding of gravity has yet 

to be found. The goal of a self-consistent quantum field theory of gravity still escapes us after 

more than 60 years of effort. In addition, with our understanding of particle physics apparently 

extended to the TeV mass range and our theoretical estimates of conditions in the early universe 

reaching to the inflationary epoch at 10"30 sec and earlier, questions of the role of gravity in the 

unification of the forces loom large. 

My view is that physics is ultimately an experimental science, and so we need data, lots 

of data, to make progress in our theoretical understanding. I suggest that the lack of progress in 

understanding the deeper aspects of gravity comes from a dearth of even remotely related data. 

How one might approach an experimental examination of strong field relativistic gravity and 

related topics is one of the main subjects of these lectures. It is not easy to decide what to do, and 

once decided, not easy to accomplish. The relevant experimental approaches are all very 

difficult; however, we have to start somewhere. 

2. The Physics of Compact Stellar Objects 
One place we believe that the full power of GR is needed to describe the physics, and hence can 

be tested, is in the immediate neighborhood of compact stellar objects. Such objects include 

white dwarfs, neutron stars, and black holes. This section explores the character of these objects 

and briefly develops current models that describe them. 

2a. Schwarzschild Geometry 

The physics of compact stellar objects requires two major components—gravity and an equation 

of state. Gravity, which we briefly describe in this section, results from the mass distribution of 

the compact object. This mass distribution generates a space-time geometry predicted by GR, 

which in turn produces the gravitational field that controls the structure of the compact object.1 



Indeed, in the case of a compact object of sufficient mass, this space-time geometry leads to a 

new type of object, a black hole, that is stranger than fiction, Black holes are not just a new type 

of stellar object. Their properties, as predicted by GR, challenge our basic understanding of 

quantum mechanics, particle physics, and space-time itself.2 

In GR, the only spherically symmetric gravitational field solution in vacuum is static. 

This space-time geometry is named after Schwarzschild, who first derived it from the GR field 

equations. The Schwarzschild space-time geometry is represented by the metric 

ds2 = -(1 -~)dt2 + d r

n . , + r2(d02 + sin2 0dq>2) (1) 
r i 2 M 

r 

with the choice of units such that c (speed of light) = G(gravitational constant) = 1. In the weak 

field limit, Schwarzschild space-time geometry becomes Newtonian gravity from a central mass, 

M, in flat space-time. 

In the case of compact stellar objects that are not black holes, A/-> mass within radius r, 

or m(r), and the factor [l-2m(r)/rjl does not become singular at r = 2 M, because m(r) 

decreases sufficiently fast with decreasing/; that is, the radius r = 2 Mlies inside the matter 

distribution of the compact object. (M in this case is the total mass of the star.) A black hole 

solution results when this is not the case. For black holes, r = 2 M lies outside the matter 

distribution of the compact object. In general, H*1" s 2 GM/c2 = 2 MB 3(M/M^ [km], where M@ 

is the sun's mass and defines the "Schwarzschild horizon" or "Schwarzschild radius," or in 

current parlance, the "event horizon." In the case of black holes, r = 2 Mseems a badly behaved 

region of the Schwarzschild geometry, as the metric appears to diverge to infinity. However, the 

space-time geometry is not singular there. 

As described in Chapter 31 of Misner, Throne, and Wheeler (MTW)1, to determine 

whether or not the space-time geometry is singular at the horizon radius of a black hole, send an 

astronaut in .ar away to chart it (as happened recently on the TV program "Star Trek 

Voyager"). For simplicity, let the astronaut fall freely and radially toward the horizon. The radial 
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geodesic of the Schwarzschild metric in the astronaut's rest frame gives, in terms of his/her 

proper time, T, 

f 2 , r j 
s — ( )2 +const\. (2) 

2W 3 2Af ' 

While for an observer far away (Schwarzschild-coordinate time t) the time it takes for the 

astronaut to fall is 

w=-¥£t?-«w)Kln 
( 2 ^ + 1 

r i 
(-—y -1 

+const!. (3) 

Figure 1 shows the trajectories derived from Eqs. (2) and (3) (for a particular initial condition). 

Of all the features of the astronaut's trajectory, one stands out most clearly and disturbingly: to 

reach the horizon, r = 2 M (the dotted line in the figure) requires a finite lapse of proper time, but 

an infinite lapse of coordinate time. The traveler passes through the-horizon to be inexorably 

crushed by the black hole's "true" singularity at r = 0 in a bit over T = \6IM, while to the far 

away observer, the astronaut just redshifts from sight,3 approaching the horizon as / -* •». 

Of course, proper time is the relevant quantity for the explorer's heartbeat and health. No 

coordinate system has the power to prevent the inevitable in fall to r = 0. Only the coordinate-

independent geometry of space-time could possibly do that, and Eq, (2) shows that it does not! 

The Schwarzschild metric is well-suited to describe a spherically symmetric star with 

zero angular momentum. The metric is used in the calculations of the properties of compac 

stellar objects that approximate these conditions. Figure 2, from Chapter 23 of MTW 

schematically displays the geometry within (dark gray) and around (white) a sphericallj 

symmetric star of radius R = 2.66 M. The star is in hydrostatic equilibrium and has zero angulai 

momentum. The two-dimensional geometry 
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igure 1. In-fall toward a black hole as described by two time coordinates: the proper time, 
defined by a comoving observer, and Schwarzschild-coordinate time, ;, defined by a 

raway observer. 
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r=2M 

Figure 2. The geometry within (dark gray), and around (light gray) a star of radius R = 
2.66 M represented by a two-dimensional surface imbedded in a background three-
dimensional space. Only points in the two-dimensional surface have physical meaning. 



ds* = [1 - 2m(r) /r]"'</r2 + r^tp2 (4) 

of an equatorial slice through the star at fixed time (9 = itll, t = to) is represented as embedded in 

Euclidean three-space in such a way that distances between any two nearby points in the surface 

are shown correctly. Distances measured out of the curved surface have no physical meaning. 

The embedding three-space itself also has no physical meaning and is just used as a tool to show 

the curved two-geometry induced by the star's mass. 

Because of the relatively simple form of Eq. (1), the coordinates have a direct physical 

interpretation. For the Schwarzschild geometry displayed in the figure, at any radius r there is a 

two-dimensional spherical surface centered about the point r = 0, and 9, q> are conventional polar 

coordinates on the two-sphere. The quantity r is defined by setting the proper circumference of 

the two-sphere to 2 itr. This circumference in curved two-geometry corresponds to a sphere of 

proper area 4 nr2 in the three-geometry of real Euclidean space (not the embedding three-space 

of the figure). Note that due to the metric of curved space, the proper distance R, between r = 0 

and the point labeled by r on a radial line in this space, is larger than r and 4 itR2> 4 rcr2. This 

correspondence, r -» 4 Jtr2, allows one to visualize the entire three-geometry in and around the 

star at any time t. 

2b. The Equation of State of Compact Stellar Objects 

Besides the gravitational field, the physics of the compact stellar object must be put into the 

(highly nonlinear) equations that predict the space-time structure of these objects and their 

surroundings. Compact stellar objects evolve from stellar objects. A stellar object refers to a star 

at any time during its evolution. In its nuclear burning phase, the stellar object is usually a main 

sequence star, such as our sun. Depending on its mass and history, at the end of its evolution, the 

stellar object can collapse to a compact stellar object. Stars "die" when most of their nuclear fuel 
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has been consumed.4 White dwarfs, neutron stars, and black holes are "born" when normal stars 

"die." 

The equation of state of a stellar object gives the relationship between its pressure and 

density, 

P = P(p). (5) 

This equation incorporates the underlying microphysics as local thermodynamic relationships of 

an individual matter element. However, the microphysics is the determining factor. Thus, our 

understanding of the basic physics at the extreme conditions existing in compact objects is 

central to the success of the theory. In the case of black hole formation, the correct microphysics 

could possibly require input from particle physics beyond the Standard Model, while current 

theories typically include only idealistic approximations from nuclear physics and lower energy 

scales. 

In kinetic theory, the number density in phase space for each species of particle, 

( r f5v ) ' p r o v i provides a complete description of the system. The main thermodynamic variables 

we will be considering are density and pressure. The density is formally given as the total energy 

per unit volume, where the total energy of a particle species,./, with three-momentum magnitude 

Pj and mass ntj, is (with c = 1) 

E,=Jpl + n$. (6) 

The energy density is then 

<-!*[£&> (7) 



'he pressure, P, is the "flow of momentum density" and is given for an isotropic medium by 

r-+™-*M*hY'mil'ifahY'- <8) 

'here 

-ifaY' (9) 

the number density of each species of particles, p is the three momentum, vis the three 

slocity, and f is a unit vector defining a direction. The factor of 1/3 comes from assumed 

atropy. Note that for massless particles, P = e/3. 

Using the number density, we can define an equivalent dimensionless distribution 

nction in phase space, F, that gives the Lorentz invariant average occupation number of a cell 

phase space. As tfxcPp is a scalar under a Lorentz transformation, F is also. 

( ^ ) = F F ( ^ ( 1 0 > 
iere h is Planck's constant, h} is the volume of a cell in phase space, and g is the statistical 

ight for a particle species. Here, g = 2 S+l for massive particles with spin S. For photons, g = 

and for neutrinos, g = 1 (as there are only left-handed neutrinos). 

For an ideal gas in equilibrium, Fhas the simple form 

F ( £ ) = ^ f e n r <n> 
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where the "+" sign corresponds to fermions (Fermi-Dirac statistics), and the "-" sign to bosons 

(Bose-Einstein statistics). In Eq. (11), T is the temperature, k is Boltzmann's constant, and p. is 

the chemical potential for the species. 

For sufficiently low particle densities and high T, F(E) becomes the Maxwell-Boltzmann 

distribution 

F(£) = e L * r J « l . (12) 

For completely degenerate fermions (T -» 0, i.e., pJkT -» °°), fi is identified with the Fermi 

Energy, Ep, and, 

(LE<Er 

™-{l.B>i' ( 1 3 ) 

As an example, we derive the equation of state of a completely degenerate, single species, ideal 

(noninteracting) Fermi gas.6 This very idealized equation of state actually has approximate 

validity in describing isolated white dwarf and neutron stars. These compact stellar objects 

ultimately cool to zero temperature. At T = 0, it is the degeneracy pressure of electrons in the 

case of white dwarfs, and neutrons in the case of neutron stars, that support these stars against 

gravitational collapse. More realistic, and consequently more complex, equations of state 

describing white dwarfs and neutron stars can be found in the literature.7 

Let us start with the electron gas case that applies to white dwarfs. The gas can be treated 

as ideal if all electromagnetic interactions are neglected. We concentrate on the degeneracy 

force, which is the dominant force between the electrons at very high density. We define the 

Fermi momentum, pf, by 



EF=Jp}+m) 

Equations (9), (10), and (13) then give 

8TT 

*-£J>'*-£I4 . ™ 

We define a dimensionless Fermi momentum 

xF=Pf/me. (16) 

Then Eq. (15) becomes 

'~^K^%l, 

where 

(17) 

Xt = » / m,c =3.862 x 10"13 m (18) 

is the electron Compton wavelength in SI units. 

The degeneracy pressure from the electron gas is given by Eqs. (8), (10), (13), and (16), 

2 tpr p2 . , J m t f* X*d* m . / - „ns 

where 

# • * > = g p - ( • W 1 4 ^ ^ - J ) + arcsinhfo)}, (20) 

and mtcffk3 = 1-422 x 10 2 4 Pa (in SI units, 1 Pa = 1 Pascal = 1 Newton/m 2). 

Similarly, the energy density of the electron gas is given by Eqs. (7), (10), (13), and (16), 

e < = | f >£^4^*=F-* (*'>' < 2 1 > 

where 

Z ( * F ) = £ p - { x F - \ / 1 + * F (2*F +l ) -arcs inh(x f )} , (22) 

and in this case, we take mecl\3 - 1.422 x 10 2 4 J /m 3 . 

When considering the equation of state of white dwarf stars, we see that the degenerate 

electron gas contributes most of the pressure; however, the density is dominated by the rest-mass 

of the ions. This baryon density, p B , is given in terms of the weighted sum over masses of the 

ion species/,m/, 

P*=X n i m .> (23) 
i 

where n, is the number of ion types / per m 3 . The mean baryon rest mass, mB, is commonly used 

in the literature, where 



'""sv-l-=—' < 2 4 > 
i 

and At is the baryon number of the i* ionic species, whilewg is the number of baryons per m3. All 

of the quantities discussed above are usually considered in the ccntcr-of-mass frame of the star. 

In order to express the baryon density in terms of xF, we define a mean number of 

electrons per baryon in the plasma, Ye, 

n«—-=4- (25) 

From Eqs. (18), (24), and (25), we find 

^=7W- < 2 6 > 

For example, in the case of completely ionized pure 2 6Fe 56, which is nuclear matter at minimum 

energy content, Ye = 21 A = 0.464, and taking mB = 1 amu (atomic mass unit) = 1.661 x 10"27 kg, 

we find 

pB = 2.099 x 1 0 V kg/m 3. (27) 

The full density includes the energy density e from Eq. (21) as well as from Eq. (26), 

p(xF) = pB(xF) + £(xF). (28) 

However, el pB « 1 is the usual case. 
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Equations (28) and (19) plus (20) give the ideal degenerate equation of state, P=P (p) 

parametrically in terms of xF. In two important limiting cases, this equation can be approximated 

by the polytropic form 

P-KpB

r, (29) 

where K and Tare constants. 

The first limit is the nonrelativistic case, xp « 1. For nonrelativistic electrons, 

(30) 

In the nonrelativistic case, using the limiting forms of Eqs. (19), (21), and (28), the equation of 

state becomes 

"''•••fife*"*'* 3;r2X; 
(31) 

s 

5- 1+-

004X10T,3 [SIunits]. 

P « p w results in the approximation for the nonrelativistic case. 



For example, in the case of completely ionized pure 26Fes6 and xp = 0.2, we find 

K=2.797x 10 4,P = 3.074 x 10 l 8 Pa,andp= 1.68 x 107kg/m3.Note that at the center of the 

sun.i>=10 l 6Paandp = 1.5 x 10s kg/m3. 

The second limit is the very rclativistic case, Xp » 1, (and \ T < 103). For very 

relativistic electrons, 

y ( * f ) ' » ' ' l a r ' f o - ^ + Jln2xr + ° ( ^ 2 ) ) . 
(32) 

In the very relativistic case, the energy density of the electron gas dominates baryon density and 

the equation of state becomes, using the limiting forms of Eqs. (19), (21), and (28), 

p=p'si2jkix"=Kp •xi + 4xzXl 

XF»\.«\0QO •*K 
•hK2X% '_, 

3x 2 V 
• % - c 2 

r = i , K=^-^ j—= 1243x10" Y> [SIunits]. 

.fjSsJf 

(33) 
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P <* pin results in the approximation for the very relativistic case. For example, in the case of 

completely ionized pure M F e 5 6 andx F= 10, we find K = 4.447 x 109, P = 1.200 x 10 2 6 Pa, and 

p = 2.105 x lO 1 2 kg/m3. 

For values of xp larger than =10, white dwarf stars are unstable. The next regime of 

stability results in neutron stars. (This will be discussed in more detail in the following sections.) 

Equations (31) and (33) can also be used in the neutron star regime via a simple scaling in 

particle mass from me to m„; the statistical weight g = 2 is the same, and xF = pFlmn. For pure 

neutrons (in general, neutron stars have an admixture of ions, electrons, and neutron "gas"), and 

xF« 1, Eq. (31) scales to Eq. (34). 

-'•-ift^-^-fe}*. 
(34) 

• = £., K=^-l = 53810x 103 [Slunits]. 

For example, for pure neutrons and xF = 0.2, we find P = 3.513 x 10 3 1 Pa, and p = 4.886 x 

1016kg/m3. 

For XF» 1, Eq. (33) scales to Eq. (35), the extreme relativistic free fermion equation 

of state. 

' - ' • • lakr ' * -* ' - * 
(35) 

r = l, K =—=8.987xlO'6 [Slunits]. 



Note that P =pc?l3 is a relatively "soft" equation of state; that is, the power of p is relatively low 

compared to other "stiff equations of state we have considered, e.g., Eq. (34). 

2c. The End State of Stars8 

The structure of normal, main sequence stars is supported by the thermal pressure of hot gas 

balancing the inward pull of gravity due to the matter of the star. The temperature needed to 

generate this pressure comes from the nuclear burning of H to He for most of the life of the star. 

As the star ages, it eventually evolves off the main sequence8 up the "Giant branch." In the final 

phases of the Giant branch evolution, the outer layers of the star are ejected, and the nuclear 

burning uses fuel other than H. The more massive the star, the more rapidly it evolves, and the 

further it can move up the atomic table toward iron in its nuclear burning. (Iron is the most stable 

sucleus.) At some point, the nuclear fuel is exhausted, and the star "dies." Dead stars are 

:urrently thought to exist in one of three compact states, depending on the mass of the progenitor 

itar and its history. In order of increasing mass, these three states are white dwarf, neutron star, 

>r black hole; all three have two characteristics that easily differentiate them from normal stars. 

First, since they do not burn nuclear fuel, they cannot support themselves against 

;ravitational collapse by generating thermal pressure. White dwarfs and neutron stars support 

tiemselves against gravity by the degeneracy pressure of electrons and neutrons, respectively, 

'he equations of state discussed in Sec. 2b above demonstrate the physics of degeneracy 

ressure. Black holes, however, are completely collapsed stars. They result when the pressure 

enerated in the compact object, by any means, is overcome by the inward pull of gravity. If and 

ow black holes form is still somewhat controversial. 

Second, white dwarfs, neutrons stars, and stellar mass black holes are very compact 

bjects compared to normal stars. With typical masses greater than 1 M Q , and radii of 10"2 R Q for 

hite dwarfs, 10"5 R 0 for neutron stars, and 3 (M/M0) [km] for black holes, these objects have 

iuch smaller radii, and consequently much stronger "surface" gravitational fields than normal 

ars. (Here, we are considering stellar mass objects. The statement is not true for the galactic 

ack holes, with masses in the range 10s—1010 M 0 , thought to be at the center of some galaxies.) 
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With the exception of primordial black holes formed in the very early universe, with 

masses less than 10 1 2 kg, which would have evaporated (via Hawking's radiation) by the present 

epoch, all three types of compact objects are essentially static over the lifetime of the universe. 

They are the final, and typically stable, stages of stellar evolution. 

(i) White Dwarf Stars 

White dwarf stars have been directly observed via their radiation in visible through UV light. 

Even though they no longer burn nuclear fuel, they can be seen in these wavelengths as they are 

very slowly cooling as they radiate away their residual heat (10 9-10 1 0 years). Those white dwarf 

stars observed in well-characterized binary systems have had mass determinations. For example, 

Sinus B, perhaps the best known white dwarf star, is the binary companion to Sinus. The binary 

nature of the Sirius system was first reported by F. Bessel in 1844. Sirius B was unseen with the 

telescopes of that time, and its existence was based on the observations of the perturbed orbit of 

Sirius. Sirius B was first seen in visible light in 1863. Modem determinations of its mass from 

binary system orbit parameters give a mass of 1.003 M Q . Recent satellite observations in the 

ultraviolet, where white dwarfs emit most of their light, have determined the surface temperature 

of Sirius B to be about 30,000 K. Using these spectral measurements, the equation for the 

luminosity from blackbody emission, L = 4ffRIoT,J., and the accurately known distance to the 

star, the radius is determined to be 5.88 x 103 km (= 0.0845 Re). Given its large density, 

p = 2.34 x 10 9 kg/m3, and consequent surface gravity, Sirius B has been used to check the 

gravitational redshift predicted from GR, - r - s - £ - r - Th e observed gravitational redshift is 
At KC 

usually quoted as an equivalent Doppler shift Ak/k = v/c or v = 0.6362 (M/M^I{R/R^> km/s. 

This predicts 91 ± 8 km/s for Sirius B, as compared to the observed value of 89 ± 16 km 

(Ref.9). 

White dwarf stars can be modeled using classical approximations to hydrostatic 

equilibrium and Newtonian gravity. This is not the case for neutron stars, which will be 

discussed separately. 



Consider a spherically symmetric distribution of matter that represents the white dwarf 

star. The mass, m(r), interior to radius r of the star is 

m{f) = j'gp(r)4nr2dr => ^ 2 = 4nr2p(r). (36) 

In Eq. (36), we assume that the bulk of the matter in the star is nonrelativistic ions. A white 

dwarf star is approximately in a steady state; hence, the gravitational force balances the pressure 

force at every point. This results in the nonrelativistic hydrostatic equilibrium equation 

dP(r)_ Gm(r)p(r) 
dr ~ r 2 * ( ' 

After some algebra, Eqs. (36) and (37) can be combined to yield 

1 d ( r2 dP(r)\ „ „ , s 

i?dAw)*r^Gp(r)- ( 3 8 ) 

This equation takes a simple form in the case of a polytropic equation of state, Eq. (29). Writing 

the polytropic exponent as T s 1+—, where n is called Has polytropic index, Eq. (38) can be 
n 

reduced to dimensionless form with the substitutions 

p = pc6\ r = aS,with, a=M± M
A Pc ( 3 9 ) 

4vG 

where pc = p (r = 0) is the central density of the white dwarf star. (K is the polytropic constant.) 

Some straightforward algebraic manipulation results in the Lane-Emden equation, 
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F#'f)=-e'- <40) 

The boundary conditions for a polytropic star are formulated at £ = r = 0, 

Pc d% ,-iL- (41) 
nr i _ 

l{=0 

Since, m(r)= pc(47ir313), near r = 0, Eq. (37) gives -^=——pcr •M0 )0 . Then, from the 
dP _ AnG 
dr~ 3 

polytropic equation of state, Eq. (28), we derive the latter boundary condition of Eq. (41). 

Equation (40) can be solved by integrating numerically from § = 0 with the boundary 

conditions of Eq. (41). The solutions, 9 (Q, decrease monotonically and have a zero for n < 5 (T 

> 6/5) at a finite value of £= %R. (Note that the extreme relativistic free fermion equation of state, 

Eq. (35), has r = 1 and does not have solutions by this method.) Using Eq. (39), we find the 

radius of the star to be 

* - « & , (42) 

and with the help of Eq. (40), the star's mass is 

M = jR4nr*p(r)dr = 47utpcf'?6"dl; = -4m3pcl;l~ . (43) 

pe can be eliminated by solving Eqs. (42) and (43) in terms of M and R. This gives the mass-

radius relation for polytropes with T > 6/5, 



M = 4xR fe)|Wl)g|^(£U </0J (44) 

ic two solutions of interest for white dwarf stars are 1 0 the nonrelativistic and very relativistic 

ses: 

5 3 
r = -,<=>« = - , yielding £,, = 3.65375, - ^ 

f = -,<=> « = 3,yielding £„ = 6.89685, -£; 

SI,-' m--
.71406, 

(45) 
2.01824. 

• the high density limit for white dwarf stars, the T = 4/3 solution is a reasonable 

iroximation. Using the above numbers in Eq. (44) for the T= 4/3 case, with K given by 

(33), we find 

M = 4n 1.243 Xl0 1 0-r„7 
7tG 

(Z01824)=L455(2-y t) 2K. (46) 

relation R = a§R gives 

R = 6.89685 l ^ - ^ - ^ W - f j ^ J V , m 
example, in the case of completely ionized pure 2 6 Fe 5 6 andx F = 10, we have p = 2.105 x 

kg/m3; this results in M= 1.253 M0,R = 3.568 x 10"5 R0 (= 0.389 earth radii). 
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In Eq. (46), Mis independent of R and hence pc. This mass limit for white dwarf stars, in 

the relativistic limit of Eq. (33), is called the Chandrasekhar limit, or MCh - 1-46 M0. It is the 

largest possible mass of a white dwarf star. Degenerate stars of higher mass must take other 

forms such as neutron stars or black holes (discussed below). Figure 3 shows an intuitive way to 

understand how the Chandrasekhar limit comes about." The figure shows log Pc vs. log pc for 

the equation of state of white dwarf stars as the solid line. Also plotted as a dotted line is the 

inward pressure of gravity at the center of the star for two stellar masses, 0.8 and 1.5 MQ (the 

radius of the star is an implied variable). At lower masses, e.g., < 0.8 MQ, the system is 

nonrelativistic and Pc <* pc

s/}. The slope of the equation of state in this case is larger than the 

slope of the Pc vs. pc relation from gravity, and there is a solution for pc, Pc. There is then a 

transition region that has a changing slope of Pc vs. pc which still allows solutions. Finally, in the 

very relativistic limit, Pc « pc

m and the slope of the equation of state is parallel to that of the Pc 

vs. pc relation from gravity. Thus, in the very relativistic case, there is no solution, and these 

more massive white dwarf stars are unstable. The last mass that allows a solution is Md,, just less 

than 1.5 M0. Note that it is the transition from Ee z pe

2l2me to Ee = pt that loses a power of pt 

and leads to this result. Very basic physics! 

(ii) Neutron Stars 

Stable degenerate stars with masses larger than MCH are constructed by using the general 

relativistic Oppenheimer-Volkoff (OV) equations. The OV equations are solutions of Einstein's 

field equations describing the stellar structure for a nonrotating spherical star in hydrostatic 

equilibrium (time independent). We write them in a form that resembles Eqs. (36) and (37), 

—±-L=4jtr2p(r), 
dr 

(48) 



' - « Log Density (kg/m 3) 7MSA3 

Figure 3. Log Pc vs. log p c for the equation of state of white dwarf stars is plotted as the 
solid line. Also plotted as a dotted line is the inward pressure of gravity at the center of the 
star for two stellar masses, 0.8 and 1.5 M0. Where the dotted line crosses the solid line 
determines the mass of the white dwarf. For 1.5 M , the lines are parallel and there is no 
solution. The highest mass for which a solution exists is the Cliandrasekliar limit of about 
1.46 M0. 

dP^_G,n{r)pir) (+ W Y , t W Y , _ W ^ , ( 4 9 ) 

dr r* \ pir)^)^ m(r)e ) \ re ) 

d± L M , ^ . (50) 
dr p(r) dr \ p{r)c% ) 

Baad and Zwicky n invented the idea of a "neutron star" and predicted that neutron stars 

are the remnants of supernovas. They did not make quantitative calculations but estimated that 

neutron stars would have a very small radius and high density. The first actual model calculation 

of neutron star properties was made by Oppenheimer and Volkoff.'3 They solved the OV 

equations assuming an ideal relativistic gas of free neutrons as the equation of state, cf. Eq. (35). 

Neutron stars are thought to form when the Fermi sea of electrons of the ionized matter in 

a white dwarf configuration fills beyond the energies available to /3 decay. This happens in the 

extreme relativistic electron limit, i.e., very high density. With the Fermi levels filled beyond the 

energy of the electrons from neutron-beta decay, there is "no place for these electrons to go," and 

Jnyers_e_pldecayJsJayored. This causes a "neutron drip" above a central density, pc, of the star of 

about 4 X 101 4 kg/m3. (Note that pmc = 3 x 1 0 " kg/m3.) The neutron star is an exotic regime of 

matter that is not well understood. For white dwarf stars, observations of masses and radii are 

used as evidence for the confirmation of the stellar models. In the case of "neutron stars," 

because of the lack of experimental knowledge about the equation of state at these extreme 

conditions, observations of masses and radii are used as a probe of this exotic state of matter. 

Figure 4 shows the various stages of degenerate stars in neutron star models14 that were 

developed in the 1950s-1970s. These "nuclear" models assume extrapolations of simple low-

energy nuclear physics to "nuclei" of > 10 5 7 nucleons, and pc » pmc. I will argue below, wher 

I discuss strange stars and Q-stars, that this may not be valid. The upper right hand corner shows 

a stability diagram of mass vs. pc. The regions where dmldpc > 0 are generally stable. Foi 

pc < 101 2 kg/m3, stable white dwarf stars exist. For 2 x 10 l 6< pc < 5 x 101 8 kg/m3, nuclear mode! 
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figure 4. The various stages of degenerate stars in neutron star models that were developed 
n the 1950s-1970s. These "nuclear" models assume extrapolations of standard low 
•-nergy nuclear physics to "nuclei" of > 1037 nucleons, and pc » p ^ . 
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indicate that neutron stars exist. Above this density range, there is great uncertainty of what 

states of matter might exist; however, the current consensus is that total gravitational collapse of 

the star occurs into a black hole above some limiting mass. 

About 17 binary star systems containing at least one neutron star candidate have yielded 

good mass estimates of the neutron star(s). (How this measurement is made is discussed in 

Sec. 3b below.) All of these neutron star mass values lie in the range 1.35 ± 0.27 A/^Ref. 15) 

and are consistent with mass estimates from a number of nuclear neutron star models. 

The possibility of identifying heavier compact objects as black holes relies, almost 

entirely, on being able to state categorically that the observed object has a mass larger than the 

maximum allowed mass of the heaviest stable compact stellar object. Conventional wisdom 

identifies the heaviest stable compact stellar objects as neutron stars described by nuclear 

models. In this approximation, we find a reasonably firm upper limit on the mass of a neutron 

star. Below, I reproduce the assumptions of Rhoades and Ruffini16 as I have quibbles about some 

of these that will become important when we discuss Q-stars. In our discussion of mass limits, 

initially we assume no rotation. As it turns out, rotation adds at most 20% to the mass limit as 

compared to no rotation. 

Rhoades and Ruffini made the following set of assumptions in their derivation of the 

mass limit of neutron stars. 

A. General relativity is the correct theory of gravity, and thus the OV equations determine the 

equilibrium structure of the compact object. 

B. The equation of state satisfies the "microscopic stability" condition, dPIdp "2. 0. If this 

condition were violated, small elements of nuclear matter would spontaneously collapse. 

C. The equation of state satisfies the causality condition, dPIdp < c 2; that is, the speed of sound 

in the neutron star is bounded by the speed of light in vacuum. 

D. The equation of state below a matching density, pmat = 5 x 10 1 7 kg/m3, is known ( p m c = 3 x 

10 l 7kg/m 3). 



E. The equation of state corresponds to a gravitationally bound compact object; that is, the 

stability of the compact object is provided by the attraction of gravity. (This is an implicit 

assumption of Rhoades and Ruffini.) 

This set of assumptions yields an upper limit for the neutron star mass of about 3.6 M(Ref./7). 

Rotation brings this limit to about 4.3 M0. 

(iii) Strange Stars, Q-Stars, and Black Holes 

There is a theoretical class of compact objects that are not really covered by assumptions D and 

E above. For this class of objects, examples of which are "strange stars" and "Q-stars," the 

equation of state is very different from those we have considered to this point because these 

(theoretical) systems do not need gravity to stabilize them. These are N-body systems that have a 

stable phase for bulk matter that dominates the gravitational attraction, even up to a limit of 

1000 M0 in some models. These models are derived as approximate solutions to effective 

Lagrangian field theories. The nuclear approximation to the equation of state we have been 

considering above also originates in an effective field theory. In this case, one has an effective 

Lagrangian field theory with nucleons as the fundamental fermionic field and, in simplest 

approximation, pions as the force field. This approximation is the meat of theoretical nuclear 

physics. However, what effective field theory might best approximate reality for M » Mmdeu 

(like 10 5 7 nucleon masses) is not well understood. For pc > pnuo a quark phase should certainly 

play a role. However, even well below pmc, new phases of nuclear matter, which do not manifest 

themselves in the nuclear physics regime, might exist that gain stability for bulk matter from the 

nuclear force, not gravity.18 This latter possibility has been shown to be consistent with nuclear 

physics data.19 

I will give only a brief review of this approach in these lectures.20 In these models, a low-

energy effective field theory is used to describe a relativistic Fermi gas of quarks for strange 

matter stars or nucleons, and for Q-stars bound within a finite volume. For both models, the 

Lagrangian density has the form 
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L=W[iS- m^a)-gvv}v+i(dllaf - E/(cr)+Am^V, (5l| 

where f is a fermion field, representing quarks for strange star matter, and nucleons for Q-sta 

matter, and o and Viae effective scalar and vector fields, respectively. The scalar field, cr, has ai 

effective potential-U(c) and generates an effective fermion mass »i(o). The vector field, V, hai 

effective mass my and effective coupling gy. In solving the above equation, we neglect th< 

dynamics of the vector field. In many cases in the literature, the vector field contribution i 

neglected completely, and the operational equation becomes 

£=W[id-m(a)}i> + i(dllaf-U«T). (52 

These equations are solved semiclassically. Only the Pauli exclusion principle for the fermions i 

treated quantum mechanically. 

In the applications we are considering, this theory is used to describe a relativistic Fern 

gas of quarks or nucleons bound within a finite region of space, i.e., a spherically symmetri 

compact stellar object. Including the vector repulsion between fermions, the Fermi sea i 

described by the Fermi momentum, kp, and Fermi energy, Ep, 

where the parameter otv gives the strength of the repulsive fermion (vector) interaction. 

In this model, we take U(<r) such that inside the bulk of the star, a takes on a consta 

value, o = Cinsidc The star has a very thin surface region, where o undergoes rapid transition to 

different constant vacuum value, o = Gmtum. 



In the approximation of chiral symmetry for the hadronic matter of the star, the fermions 

are massless inside the star, and m(cw<fc) = 0 (w(Cfv<K1(Um) = Mmcit0i,)- More generally, for this 

type of matter, m (a/„,/</„) < Mmcieon. This can result in a more energetically favorable 

configuration, i.e., a bound system, if the fermion energy inside the star is lower than that of free 

fermions by an amount greater than the gain in scalar field potential energy. (Note that we have 

not mentioned gravity yet.) 

In the chiral symmetry case, including nondynamical effects of the vector field V, the 

equation of state is 

p-3P-4Ua+av(p-P-2U0y=0, VtmV&u*). (54) 

In these models, the hadronic matter is a perfect fluid with the number of fermions > 1057. Thus, 

gravity can be important and the OV equations are used in the formulation of the problem. These 

can be integrated using Eq. (54). The compact star boundary conditions define the stellar surface 

at the radius where the total hadronic pressure, Pv-U0, vanishes. (Note that P in Eq. (54) 

includes effects from gravity as well as hadronic pressure.) 

Table 1 shows typical parameters for strange stars and Q-stars. The strange star models 

depend on the MIT Bag model and are parameterized in terms of the "Bag constant." Strange 

stars are a degenerate Fermi sea of massless quarks, including strange quarks, in a Bag. Q-stars 

ire a quite different model, though the mathematics is similar to strange stars, being made of 

leutrons, protons, and electrons satisfying beta-equilibrium and local charge neutrality. 
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Parameters Strange Stars 2 0 Q-Stars 1 8 

Fermions: 4* Quarks: u, d, s Nucleons and electrons 

Vacuum energy: Uo Bag constant: s (145 MeV)4 (170 MeV)4-(10 MeV)4 

Vector repulsion: ay 0 ~1.2xlO" 4MeV 2 

Maximum stellar mass ~2A/ 0 0.5 Me -4OOM0 

Maximum stellar radius ~10km 3 km - 2300 km 

Table 1. Typical parameters of strange stars and Q-stars. 

Reference 18 also derives a limit, analogous to the Rhoades-Ruffini limit, yielding the 

equation of state with the largest possible maximum mass consistent with causality, microscopic 

stability, and GR. This maximum mass for Q-stars is 890 A/0. The Q-star mass limit is far greater 

than the Rhoades-Ruffini limit and allows that stellar mass black holes do not exist. This very 

high mass limit results from the low density of a high mass Q-star compared to a conventional 

neutron star. The low density is theoretically possible for Q-stars since the hadronic forces 

largely provide for the stability of the star independent of gravity, unlike the case of conventional 

neutron stars where gravity is the dominant force that holds the star together. Both types of 

objects may exist in nature. 

Figure 5 shows interior density vs. radius18 in part (a) strange stars, and part (b) Q-stars. 

Figure 5(a) shows curves for a range of strange star masses in units of M&. In Fig. 5(b), the Q-

star locally measured energy density curves are plotted vs. fractional radius, r/R. The curves 

correspond to the maximum mass Q-star resulting from the theory with various values of the 

dimensionless scaling parameter £= av -Uf • -= and U0 fixed at (100 MeV)4; £ = 0, 1,4,16 

have Q-star masses, MI/MJma= 4.0,5.8,7.4,8.4, respectively. This value of U 0 is typically used 
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Figure 5. Interior density vs. radius for (a) strange stars and (b) Q-stars. Figure (a) shows 
curves for a range of strange star masses. In Fig. (b), Q-star locally measured energy 
density curves are plotted vs. fractional radius, r/R. The curves correspond to the 
maximum mass Q-star resulting from the theory with various values of the scaling 
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in particle physics calculations when considering normal-sized hadrons. "Very low" density (and 

high mass) Q-stars can result if U0 « (100 MeV)4. 

Figure 6 shows mass vs. radius19 in part (a)—strange stars, and part (b)—Q-stars. 

Figure 6(a) shows as solid curves the masses of conventional neutron stars predicted by a 

number of nuclear physics based theories. The dotted curve shows this relationship for one 

strange star theory. Figure 6(b) shows mass vs. stellar radius for chiral (solid lines) and 

nonchiral (dotted lines) Q-stars. The high mass Q-star curve results from C = 1.6 and U0 -

(85 MeV)4, while the low mass Q-star curve results from £ = 8.9 and U0 = (200 MeV)4. Two 

conventional neutron star models, plotted as dashed lines, are shown for comparison. 

Figures 5(b) and 6(b) show that it is easy to obtain Q-star masses that exceed the Rhoades-

Ruffini limit for neutron stars; however, strange star masses and radii are predicted to be very 

close to those of conventional neutron stars for M/M > 0.5. 

(iv) Summary 

In the above sections, we have briefly reviewed white dwarf stars, conventional neutron stars, 

and some unconventional stellar models, e.g., strange stars and Q-stars. White dwarf stars are 

well established experimentally by direct observation from ground- and space-based telescopes. 

There is very good agreement between extensive experimental data and theory. Neutron stars are 

less well understood as the experimental information about them is essentially limited to mass 

determinations, pulsar periods, and spectral energy and timing information, including those 

coming from space-based x-ray measurements of binary systems containing a neutron star 

candidate. 

Conventional theory predicts that compact stellar objects with masses greater than the 

Rhoades-Ruffini limit for neutron stars must collapse into a black hole. As we shall explore later 

in these lectures, this mass limit is currently the primary experimental evidence for stellar black 

hole candidates. In addition, there exists spectral and timing information coming from space 

based x-ray measurements of x-ray binary systems containing a black hole candidate (BHC). 
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Figure 6. Mass vs. radius for (a) strange stars and (b) Q-stars. Figure (a) shows as solid 
curves the masses of conventional neutron stars predicted by a number of nuclear physics 
based theories. The dotted curve shows this relationship for one strange star theory. 
Figure (b) shows mass vs. stellar radius for chiral (solid lines) and nonchiral (dotted 
lines) Q-stars. The high mass Q-star curve results from £ = 1.6 and U0 = (85 MeV)4, while 
the low mass Q-stars results from £ = 8.9 and U„ = (200 MeV)*. Two conventional 
neutron star models, plotted as dashed lines, are shown for comparison. 

The bogus observation of a submillisecond pulsar in the late 1980s seemed to challenge 

the limits of rotational stability of conventional neutron stars. This stimulated theorists (for a 

while) to explore other theories that could accommodate such a startling observation, based on 

modern ideas in particle physics. Thus, an incorrect observation was one of the primary reasons 

for the invention of strange stars and Q-stars; it had the value of forging a new direction in 

theory. Unexpectedly, the theory of Q-stars had the additional important result of greatly 

exceeding the Rhoades-Ruffini mass limit for neutron stars before requiring collapse to a black 

hole. The Q-star mass limit is so large, at about 890 M0, that it could eliminate the practical 

possibility of stellar mass black holes. 

Strange stars have be invented to closely mimic neutron stars except for their ability to 

spin faster. Thus for A//Af0> 0.5, strange stars and neutron stars are predicted to be very close in 

mass and radius. However, as Fig. 5(a) shows, below this mass range, strange stars have a much 

smaller radius than neutron stars, and this might be a way of eventually experimentally 

distinguishing them. 

Q-stars can be very different from neutron stars and black holes, and offer fertile ground 

for experimental observations. A Q-star having the same mass as the BHC Cygnus X-l, with 

M/M. = 16 ± 5, has a Q-star surface radius of about 80 km as compared to a black hole with a 

horizon radius of about 50 km. As we will discuss in some detail further in these lectures, for 

Cygnus X-l, it currently appears feasible to distinguish the Q-star and black hole hypotheses 

experimentally. The search for strong additional experimental evidence, beside mass limits, for 

(or against) stellar mass black holes is one of the more challenging areas of particle astrophysics. 

3. Laboratories for Particle Astrophysics: X-Ray Stellar Binary Systems and 

Active Galactic Nuclei (AGN) 

The first priority of physics is to obtain experimental information about objects in the universe 

that we wish to study. Without such experimental information, theoretical speculations can be 

very misleading. The seminal questions that concern particle astrophysics require relatively new 

and exploratory experimental techniques to study the exotic objects that theorists have posited 



should exist. In this section, we briefly review some of the most promising of such techniques 

that could yield experimental information about the nature of compact stellar objects beyond 

white dwarfs, and their relationship to gravity. In particular, experimental "proof of the 

existence or nonexistence of black holes is central to this effort. In this case, "what is involved is 

not just the investigation of yet another, even if extremely remarkable, celestial body, but a test 

of the correctness of our understanding of the properties of space and time in extremely strong 

gravitational fields."2 

3a. Description of X-Ray Binary Systems 

An x-ray binary system is characterized by an optically (and radio) visible star orbiting about an 

optically (and radio) invisible compact stellar object. However, the close environment of the 

compact stellar object is visible in x-rays. Figure 7 shows a schematic of such an x-ray binary 

system containing a BHC and an ordinary star. (Note that the figure is not to scale, with the 

accretion disk/black hole actually being much smaller than shown relative to the normal star.) 

Known BHC binary systems contain a stellar mass BHC with a mass in the range 3-30 MQ. 

Binary systems can also contain a white dwarf star or a neutron star. 

For neutron stars and BHCs, two types of x-ray binary systems are observed, high mass 

x-ray binary systems, HMXB, and low mass x-ray binary systems, LMXB. HMXB contain a 

high mass supergiant star (33 MQ for Cyg X-l) and a compact object. The compact object in a 

HMXB is typically a BHC, or a relatively young neutron star, which is usually a pulsar with a 

large magnetic field of ~ 10s T. LMXB systems contain a low mass main sequence star of about 

1 Me, and a compact object. The compact object in an LMXB is typically a BHC or a relatively 

old neutron star, which has a reduced magnetic field of ~ 104 T. and does not show pulsation. 

The phenomenology of these systems is discussed in Sec. 4a. 

The critical potential surface, shown in Fig. 7, corresponds to the "Roche Lobe" of the 

binary system. Inside the Roche Lobe of both stars, but outside the stellar surface, the 

gravitational potential is dominated by a Mr potential; here, the equipotentials are close to 

spherical. The crossover point is the Lj Lagrange point (illustrated in the figure). At this point, 
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Figure 7. A schematic of an x-ray binary system containing a black hole 
candidate and an ordinary star. The figure is not to scale, with the accretion 
disk/black hole shown too large relative to the star. The critical surface 
corresponds to the "Roche Lobe" of the binary system. Inside the Roche 
Lobe of both stars, but outside the stellar surface, the gravitational potential is 
dominated by a Mr potential; here, the equipotentials are close to spherical. 
The crossover point is the Li Lagrange point. At this point, the total force on 
matter is zero. 



e total force on matter is zero. The gravitational potential of an orbiting binary system is 

nducive to the formation of an accretion disk about the compact object. Figure 8(a) shows how 

ch a mass transfer works to create a strong x-ray source. Mass from the normal star can either 

transferred via stellar wind to the accretion disk, or if the normal star is large enough, it will 

erflow its Roche Lobe and transfer matter to the accretion disk. An accretion disk forms due to 

; angular momentum of the matter from the normal star in orbit about the compact object, 

ictional forces in the accretion disk allow a net transfer of angular momentum outward, 

owing matter to flow inward, as shown in Fig. 8(a) (Ref. 21). This matter is strongly heated in 

: deep gravitational potential well of the compact object and eventually hits the surface of the 

Tipact star, in the case of nonblack holes. In this process, roughly 10% of the accreted rest-

ss energy may be converted into mainly X-radiation. Thus, accretion of material onto a 

npact object can be a considerably more efficient energy source than nuclear fusion, 

srmous luminosity of these binary systems results with luminosity of 103 1 W in 1-20 keV x-

s being fairly common. (The sun emits 3.9 x 102 6 W integrated over all wavelengths.) 

Description of Active Galactic Nuclei (AGN) 

;ive Galactic Nuclei, or AGN, are thought to be the product of enormous black holes with 

>ses in the range 10 6-10 1 0 M@ at the center of some galaxies.22 Galaxies with AGN are much 

: common than normal galaxies. The first to be discovered are Seyfert galaxies, discovered 

ically in the 1940s (by Seyfert); they appear to be spiral galaxies, but have star-like nuclei, 

ir optical emission spectra are quite different from normal galaxies. The next class of AGN 

e discovered were a subclass of radio galaxies. By the mid-1950s, it was known that radio 

ixies were sources of very large fluxes of high-energy particles and had very strong magnetic 

Is. A few of these had prominent star-like nuclei in the optical and were called N-galaxies. 

se were similar to Seyfert galaxies in their emission spectra. However, the relationship 

reen Seyfert and N-galaxies was not clear at that time. 

In the 1960s, quasars were discovered by Martin Schmit. In 1962, he found that the 

ig radio source and quasistellar object, 3C 273, has a redshift of z = AA/A = 0.158, which, 
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Figure 8. (a) How mass transfer works in an x-ray binary system to create a strong x-ray 
source, (b) The energy flow in an AGN. The two opposing jets of relativistic plasma and 
radiation are highly collimated via relativistic beaming. These jets are a source of gamma 
rays and strong radio signals. The inner edge of the accretion disk is the main source of x-
rays and also provides the material flow to the jets. 



according to Hubble's law, places it at about 2 x 109 light years away (H0 = 50 km/s/Mpc). The 

observed luminosity of 3C 273 implied an intrinsic luminosity in the visible and radio 

frequencies for the object of more than 103 times that of the entire Milky Way galaxy (our galaxy 

that has a luminosity of 2 x 1O 1 O L 0 = 8 x 10 3 6 W). Besides having the appearance of a point 

object in the photographs, the quasar varied noticeably in brightness. Following this discovery, 

many more quasars were found, all of them characterized by strong radio emission, stellar 

appearance, and very great distances. Soon after, radio-quiet quasars were discovered. They are 

similar to radio-loud quasars in the optical range but are relatively weak sources of radio 

emission. Quasars are among the most energetic examples of AGN known. Optical observation 

of relatively close quasars show that the source of the very strong optical emission is the nucleus 

of a galaxy. 

Some of the most energetic examples of AGN are the BL Lacertae, or BL-Lac, objects, 

and the rapidly variable (in the optical, x-ray, and gamma-ray) quasars called blazars. These are a 

subset of the quasars and demonstrate variability in luminosity on timescales of hours to days, 

depending on the wavelength. This implies that the source of this radiation must be quite 

compact. In the case of BL-Lac objects, the optical spectra are normally featureless and the 

continuum radiation is strongly polarized. They also show strong x-ray and very strong gamma-

ray emission to tens of GeV. It is plausible that for BL-Lac objects, we are directly observing the 

primary source of energy from the AGN. 

We now have a model of AGN that can qualitatively explain the observations described 

above. In this model, the AGN is powered by a massive black hole with masses in the range 10 6-

10 1 0 M at the center of a galaxy. Figure 8(b) shows the energy flow from the AGN. The black 

hole, by a mechanism that is not completely understood at this time, generates two opposing jets 

of relativistic plasma and radiation that are highly collimated via relativistic beaming. These jets 

are the source of the gamma-rays, and eventually, the strong radio signals seen. The inner edge 

of the accretion disk is the main source of x-rays, and also provides the material flow to the jets. 

Figure 9(a) shows a ground-based superimposed optical-radio image of the galaxy NGC 4261, 

which contains an AGN. Notice the scale on the figure. The galaxy is an elliptical with two jets 
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Figure 9. (a) A ground-based superimposed optical-
radio image of the galaxy NGC 4261, which contains 
an AGN. The radio part of the image is false color. The 
scale of the image is shown at the bottom of the 
picture. The galaxy is an elliptical with two jets of 
material emanating from its core region. The jets from 
the AGN arc evident in the radio part of the image. 

(a) 

380 Arc Seconds 
88,000 Light-years 

(b) The core of the galaxy is exposed by a 
Hubble Space Telescope image of the central 
region of the galaxy with the radio jet map 
superimposed in light blue (not to scale) for 
orientation. The scale of the optical image is 
shown at the bottom of the picture. The disk
like structure seen in the figure is not an 
accretion disk as it does not show the 
differential rotation as a function of raecesss 
to transfer material in towards the center. 
Spectroscopic observations of this disk 
structure indicates that it is rotating as a solic 
body. The actual AGN region is contained in 
the bright dot in the center of the hole in the 
"donut" and is not resolved in this picture. 

(c) A model of what the central region, or AGN, might 
look like. 



of material emanating from its core region. The jets in part (a) of the figure are the source of very 

strong radio signals. The core of the galaxy is exposed in Fig. 9(b), showing a Hubble Space 

Telescope23 image of the central region of the galaxy with the radio jets superimposed (not to 

scale) for orientation. This image was taken before the Hubble was repaired. The disk-like 

structure seen in the figure is not an accretion disk as it does not show the differential rotation as 

a function of r necessary to transfer material in towards the center. Spectroscopic observations of 

this disk structure indicate that it is rotating as a solid body. The actual AGN region is contained 

in the bright dot in the center of the hole in the "donut" and is not resolved in this picture. 

Subsequent pictures with Hubble after its repair have left open the question of the nature of the 

central region of this AGN. There is currently no direct experimental evidence for a black hole at 

the center of NGC 4261. However, we might speculate, and Fig. 9(c) shows the resulting model 

of what the central region might look like. 

The model of an AGN shown in Figs. 8(b) and 9 allows a natural explanation of many of 

the phenomena observed in AGN and unifies the observations of the various types of AGN. A 

Seyfert galaxy is an evolved quasar. A quasar is a particularly powerful AGN, the large distance 

lo the quasar dimming the rest of the galaxy. Radio-loud AGN galaxies have the orientation of 

he jets to the earth, maximizing the radio transmission from the galaxy, while radio-quiet AGN 

galaxies are oriented too poorly to transmit to Earth. Blazars are oriented with the jets from the 

^GN pointing at the earth. In this way, we "see" right into the center of the AGN. Finally, the 

apid variability of AGN is due to the compact black hole "engine" at their centers. This all 

eems to hang together; however, the model of super massive black holes as the driving engine 

f AGN is still controversial and has only indirect experimental evidence supporting it. 

c. X-Ray Binary System Orbital Parameters 

igure 10 shows a schematic of an x-ray binary system as viewed parallel to the orbital plane. In 

le figure, 

Mx = mass of x-ray source (compact object) 

Mcp, = mass of optical companion (normal star) 
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Figure 10. A schematic of an x-ray binary system as viewed parallel to the orbital plane. 
Mx = mass of x-ray source (compact object), M<̂  = mass of optical companion (normal 
star), q - MopiMx, i = orbital plane inclination angle, where the z ' direction is to the 
observer, a = semi-major axis of the binary orbit, ax = semi-major axis of the x-ray 
source, and aopt = semi-major axis of the optical companion. 



• q=MopJMx 

• / = orbital plane inclination angle, where the z' direction is to the observer 

• a = <f + a"" 

• a" = semimajor axis of the x-ray source 

• <f" = semimajor axis of the optical companion. 

Figure 11 defines an x-ray binary system's orbital parameters. Referring to this figure: 

• Periastron = position along the optical companion's orbit nearest to the x-ray source 

• 0 = angle of the optical companion from the periastron, measured in the orbital plane 

• Line of nodes = common x and x'axis, defined by the line of intersection of the orbital plane 

and projected observation plane, where the projected observation plane is perpendicular to 

the z'direction 

• i = orbital plane inclination angle 

• co=angle of periastron from the line of nodes, measured in the orbital plane 

- • - e = eccentricity of the optical companion's orbit 

• P = period of the binary system orbit. 

In order to determine the values of the above defined parameters, we measure two observable 

quantities: the intensity of the light emitted by the optical companion as a function of time (i.e., 

the binary system's light curve) and the Doppler shift of the light emitted by the optical 

companion as a function of time. (Note that "light" is really electromagnetic radiation, as radio 

Doppler measurements and x-ray eclipses also yield information about binary system 

parameters.) 

The Doppler shift is given by 
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To observer! 

Figure 11. An x-ray binary system's orbital parameters. Periastron = position along the 
optical companion's orbit nearest to the x-ray source; 0 = angle of the optical 
companion from the periastron, measured in the orbital plane; line of nodes = common x 
and x' axis, defined by the line of intersection of the orbital plane and projected 
observation plane, where the projected observation plane is perpendicular to the z' 
direction; i = orbital plane inclination angle; <o= angle of periastron from the line of nodes, 
measured in the orbital plane; e = eccentricity of the optical companion's orbit; 
and P = period of the binary system orbit. 



where vT is the velocity of the optical companion projected along the z' axis, called the "radial 

velocity." Defining 

l+z = i-, (56) 
An 

Eq. (55) can be solved for the radial velocity, 

1 + ^ - 0 
l + z)2+lj* •-fei-

We can relate the physical observables to the orbital parameters of the x-ray binary system in a 

few ways. An FFT (Fast Fourier Transform) of the binary system "light" curve may yield the 

period of the binary system. The source of the information may either be eclipses of the x-ray 

source by the optical companion, which gives information in the x-rays from the compact object, 

or ellipsoidal variations in the optical light curve due to tidal deformations in the optical 

companion from gravitational interaction with the compact object. In order to get x-ray eclipse 

information, the orientation of the binary system orbital plane must be nearly parallel to the line 

of sight from the earth to the binary system (depending on the geometry of the binary system, 

and the size of the compact object and optical companion). 

We can also use the Doppler shift data to determine the orbital parameters. The radial 

velocity of the optical companion is related to its orbital parameters by its equations of motion 

a""(l-e2} 
V M B O + M . r»(r)=*_ U V . . (58) 

l+ecos#f) 

fhese equations and the orbital definitions give 
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v,*?" = sin /(/•"'" sin y/ + r'f'y/ cos y ) • (59) 

(60) 

Kepler's second Law, with r°pl eliminated by substitution of Eq. (58), is 

i _2g( l+gcos0) 2 

* P'yll-e2 ' 

Substituting Eqs. (58) and (60) into (59) gives 

vf = K'*[cos(©+0(r,e,/>))+ecosc»], K°<" = 2 m ° S " " . (61) 
WT 

K°p' is called the semiamplitude of the optical radial velocity curve. 

Figure 12 shows data from the binary system V404 Cyg. Radial velocity (km/s), obtained 

from the Doppler shift data through Eq. (57), is plotted as a function of orbital phase (rad), 

assuming a periodic variation. P for the system is obtained from this curve. From v m s x / m i n , we 

find from Eq. (61) 

v„w.™ = K°"(±l+ecosa», V m " V -» =K°", 
(62) 

v + v . v 4* v . "" mm = Kcp'eco$coE v", -2*2—-E£-=ecosfl) 
1 V — V . 

Integrating the data of Fig. 12 in two ways then yields another relation between orbital 

parameters, 



400 

0.8 1.2 
Orbital Phase 

Figure 12. Data from the binary system V404 Cyg. Radial velocity (km/s), obtained from 
the Doppler shift data through Eq. (56), is plotted as a function of orbital phase (rad), 
assuming a periodic variation. P for the system is obtained from this curve. vmm and vmax 

are the minimum and maximum velocities, respectively, obtained from the data. 
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A.2 s J (v? ~ * )* . H * « « v, = v„, v2 = vm„. (63) 

Equation (63) is related to the orbital parameters by 

^"VrroM mini rt2"t*^i , /*A\ 
—si L—i L = esino. (64) 

Equations (62) and (64) then solve the orbital parameters, K"1", e, and (0 in terms of radial 

velocity data. 

P, If1", e, and 6) can be used to determine limits on the x-ray source's mass. Combining 

Kepler's third law, 

P ' = ( 2 * ) 2 «», (65) 
(KMX+M„) 

where G is Newton's gravitational constant, with the definition of IC1", Eq. (61), and moving all 

orbital parameters of the optical companion to one side of the equation, we find 

litG a+q)2 J 

where f(M) is called the optical mass function. The value of f(M) for an x-ray binary system, 

which depends on readily determined orbit parameters of the optical companion, gives a lower 

limit to the x-ray source's mass, since sin3i!(l+qf < I; that is, 

Mx>f(M). (67) 



id. Using Orbital Parameters to Determine Compact Object Masses 

a the following sections, we show applications of the techniques developed in Sec. 3c. These 

pectral/mechanical methods are cunently the most reliable way to detennine the mass of a 

ompact object. Section (i) shows mass solutions for stellar mass objects, while Sec. (ii) 

iscusses an AGN solution. 

) Some Leading Stellar Black Hole Candidates 

igure 13 shows the orbit solutions for a number of x-ray binary systems thought to contain a 

lack hole as the x-ray source. The primary reason that a BHC is preferred for these systems is 

le high mass of the x-ray source in these solutions compared to the Rhoades-Ruffini mass limit 

ir neutron stars. Later in these lectures, we will discuss information coming from the x-ray 

lectra of these objects that puts them in a common category. In particular, the millisecond and 

ibmillisecond time variability of these x-ray sources can yield important information about their 

ructure. For all but one of the cases, V404 Cyg, the optical mass function is less than the 

tioades-Ruffini mass limit. However, additional information about these systems allows a 

lique mass determination for the optical companion and x-ray source. The figure shows these 

lues of Mx and M o p t in the two lobes of the binary system cartoons. In general, these values 

; model dependent and do not have the reliability of 'f(M) which is also shown in the figure for 

ch system as is the orbital period. 

I The Black Hole Candidate in the AGN of M87 

ough observations of the central region of NGC 4261, discussed in Sec. 3b, have not yet 

>vided strong experimental evidence of a massive black hole, observation of the giant elliptical 

laxy M87 has recently been more fruitful. M87 is a nearby galaxy in the Virgo cluster at a 

tance of about 15 Mpc. It is a large elliptical galaxy that is a strong radio source with an AGN 

i a mass of about 40 x 10" M& or about 20 times the Milky Way. Figure 14(a) shows a recent 

LSA Hubble Space Telescope image24 of a spiral-shaped disk of hot gas in the core of the 
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Optically Unseen 
Black Hole Candidate 

Optical Companion P o r D (days) 

\ 
\ 16 M, '© / 

Cyg X-1 
Gies& Bolton, 1986 
f(M) = 0.25 ± 0.01 

5.6 

LMC X-1 
HutchingsetaL,1987 

f(M) = 0.14±0.05 

4.2 

l 
# 

v y 
9 M Q 6 M© 

LMC X-3 
Cowley etal„1983 
f (M)=2.3±0.3 

1.7 

9 M 0 

A062O-00 
McClintock& Remillard.,1986 

f(M) = 2.91 ±0.08 

0,3 

7S43A13 

V404 Cyg 
Gies& Bolton, 1986 
f(M) = 6.26 ±0.31 

6.5 

Figure 13. The orbit solutions for a number of x-ray binary systems thought to contain a 
black hole as the x-ray source. The primary reason that a black hole candidate is preferred 
for these systems is the high mass of the x-ray source in these solutions compared to the 
Rhoades-Ruffini mass limit for neutron stars. 



AGN of M87. This galaxy has long been a favorite choice for seeking further evidence that radio 

ellipticals have central engines fed by a surrounding disk. The powerful optical synchrotron jet, 

nonthermal radio source, and large velocities of ionized gas in its nucleus singled out M87 as one 
• I t 

of the earliest examples of a galaxy with an AGN. The bright streak of light moving from the 

center of the galaxy, at about 45° clockwise from 12 o'clock in the figure, is the optical 

synchrotron jet of high-energy particles thought to be powered by the central engine of the AGN. 

This photograph was taken after the December 1993 repair of the Hubble telescope. 

Spectroscopic observations of ionized gas in circular motion close to the nucleus of M87 

can provide a powerful and straightforward way to look for the Keplerian rotation curve, which 

could be a signature of a massive black hole. The dynamics of the millions of stars, gas, and dust 

in the neighborhood of the galactic nucleus is much more complex than that of a simple stellar 

binary system; however, a massive central black hole will affect the kinematics of this ensemble 

by producing a rapidly rotating accretion disk containing stars, gas, and dust, centered on the 

black hole. Consequently, the HST team took narrow band visual images of M87 to look for such 

an organized structure in the ionized gas. These images, particularly Fig. 14(b) which shows an 

enlargement of the central accretion disk feature, indicate that the ionized gas in the nucleus has 

indeed settled into a rotating disk. If this is true and there is a massive black hole in the center, 

the rotation velocity in the disk will rise toward the center rather than decrease to zero as in a 

galaxy with no central mass. 

Figure 14(b) shows an enlargement of the central accretion disk feature, and the six 

locations (small circles in the figure) where HST spectrographic observations25 were made 

measuring the radial velocity of the visible matter in the neighborhood of the nucleus of M87. 

The angular size of the circles is 0.26 arc seconds. Two of the measurements were made at 

diametrically opposite locations, centered 0.25 arc seconds to either side of the nucleus, along 

the major axis that is perpendicular to the jet of M87; the red circle is position 5, and the blue 

circle is position 6. A third measurement was made at the center of the nucleus, the black circle 

at position 4. Figures 14(c) and 14(d) show these three spectrographic measurements containing 
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Figure 14. (a) A NASA Hubble Space Telescope 
image of a spiral-shaped disk of hot gas in the 
core of the AGN of M87. The bright streak of 
light moving from the center of the galaxy, at 
about 45° clockwise from 12 o'clock in the 
figure, is the optical synchrotron jet of high 
energy particles thought to be powered by the 
central engine of the AGN. This photograph was J 
taken after the December 1993 repair of the 
Hubble telescope. 
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(b) An enlargement of the central accretion disl 
feature, and the six locations (small circles in tr. 
figure) where HST spectrographic observations 
were made measuring the radial velocity of the 
visible matter in the neighborhood of the nuclei 
of M87. The angular size of the circles is 0.26' 
Two of the measurements were made at 
diametrically opposite locations, centered 0.25' 
to cither side of the nucleus, along the major ax 

^that is perpendicular to. the jet ofM87;Jhe red 
circle is position 5, and the blue circle is posttit 
6. A third measurement was made at the center 
the nucleus, the black circle at position 4. 
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Parts (c) and (d) of the figure show these three spectrographic 
measurements containing lines from Hp, QUI, in (c), and Oj and 
unresolved Hn+N2 lines in (d). The position of the spectroscopic lines 
are indicated by die colored symbols at the top of tile graph. 



lines from H p, Ow in 14(c), and Oj and unresolved H 0 + N2 lines in 14(d). The position of the 

spectroscopic lines are indicated by the colored symbols at the top of the graph. 

The spectra for positions S and 6, centered 0.25 arc seconds to either side of the nucleus, 

show clear spectral features that are redshifted and blueshifted, respectively, by approximately 

equal amounts. The observed radial velocity difference between positions 5 and 6 is 1000 ± 

100 km/s, averaged over a number of emission lines. (This corresponds to a velocity difference 

of about 1.5 x 103 km/s projected in the plane of the galaxy.) The spectrum from the center of the 

nucleus, position 4, shows highly broadened emission features conesponding to a Av of about 

1.6 x 103 km/s (projected in the plane of the galaxy) consistent with a cusp in the velocity 

distribution at the center. The velocities lead to the conclusion that M87 contains a disk of 

ionized gas at its core rotating around a central mass of 2.4 ± 0.7 x 109 MQ. 

The current Hubble resolution of about 0.26 arc seconds at a distance of 15 Mpc 

:orresponds to about 18 pc, while a black hole of 2.4 x 109 M0 has a diameter of 1.4 x 10 1 0 km, 

>r 4.5 x 10"4 pc. Thus, one can only indirectly infer that a black hole is the source of this mass 

iccumulation in the nucleus of M87. Weighing all the evidence, the authors of Ref. 25 find the 

nost plausible explanation to be a central black hole. 

e. Using Fast X-Ray Timing to Measure the Compact Size of Compact Stellar Objects 

lie paragraphs above bring the size of BHCs to our attention. So far in my discussion of the 

bservation of BHC systems, I have not carefully discussed ways to measure the size of BHCs. 

1 the case of M87, the optical resolution of the Hubble gives a lower limit on the size of a 

:ntral BHC of about 18 pc, much larger than the theoretical size of the hypothesized black hole. 

Besides being a strong optical and radio emitter, M87 also has strong x-ray emission of 

>out 10 3 6 W (2-10 keV) (Ref. 26). If the x-ray emission showed "intrinsic" variability 

emoving Poisson noise) on the timescale of about a day (and no faster), this would imply that 

e source of the radiation had a size of about 9 x 104 sec or 3 x 10 1 0 km. (Other AGN x-ray 

urces show variability on timescales as short as hours.) Such an observation would then imply 
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that an object about the size of a 2.4 x 109 M0 black hole was the source of the radiation, and so 

add much more credence to the black hole hypothesis. Unfortunately, no such evidence of x-ray 

variability currently exists for M87. However, when there is variability, the technique of using x-

ray timing measurements is a powerful way to estimate the size of compact objects. 

(i) X-Ray Timing Measurements for Cyg X-l 

Cyg X-l (cf. Fig. 13) is a binary star system containing an optically visible ninth magnitude 

supergiant B star and an unseen companion. As discussed in Sec. 3d(i), the mass estimate for the 

B star is 33 M0 and for the unseen companion 16 M0. It is this large mass of the unseen 

companion that qualifies it as. a BHC. The system has an accretion disk about the unseen 

companion that is the source of the x-rays, and it is fed by matter infall from the B star. Before 

discussing the x-ray timing measurements that give evidence to the very compact size of the 

unseen companion in the Cyg X-l system, we need a bit more theoretical background. 

In general relativity (GR), the effective potential V for a test particle of mass m and 

angular momentum L in the Schwarzschild geometry of a concentrated mass M is 2 7 

V = m A / ( l -2W/r ) - [ l+I 2 / (wr ) J ] , (68) 

where the effective potential is defined by 

m\dr/dz)2 + V2(r) = E2. (69) 

E is the energy of the particle, and r is the proper time. 

Figure 15 shows V/m, the effective potential profile, and E/m, various energies of the 

system shown as the two horizontal lines and the five dots, vs. r/M for various angular momenta, 

7J7 M, where T = L Int. The Newtonian approximation for the case Tl M=4.33 is shown as 



Figure 15. Effective potential profiles for nonzero rest-mass particles with 27/ M between 
4.33 and 3.464 = 2^/3+ e, orbiting a Schwarzschild black hole of mass M. The lines 
correspond to particles with stable bound orbits, and the dots correspond to particles with 
stable circular orbits. V/m is the effective potential profile, and E/m denotes various 
energies of the system shown as the two horizontal lines and the five dots vs. r/M for 
various angular momenta, LI M, where L=L/m. The Newtonian approximation for 
the case TI M = 4.33 is shown as the dashed line to be compared to the exact GR 
solution. 

the dashed line to be compared to the exact GR solution. In the asymptotic limit, r/M-* °°, GR 

tends to the Newtonian approximation. 

The figure shows effective potential profiles for nonzero rest-mass particles with TI M 

between 4.33 and 3.464 = 2^3+ e, orbiting a Schwarzschild black hole of mass M. The lines 

correspond to particles with stable bound orbits; the dots correspond to particles with stable 

circular orbits. Such orbits only exist for LI M> 2V3. For smaller Tl M, the orbit becomes 

unstable, and the particle will always fail into the black hole. The radius of this last stable 

circular orbit is /•/,= 6M, and the energy per unit mass of a particle in the last stable circular orbit 

is 5.72%. (Remembering that Rsch s 2GM/c2 = 2MB 3(MAg [km], iy= 3JJ"* s 9(MMe)[km].) 

Thus, a particle starting far from the black hole with little energy gains 5.72% of its rest mass by 

the time it has spiraled into the innermost stable orbit about the hole. This conversion of rest 

mass to other forms of energy has much greater yield than does nuclear burning, which releases a 

maximum of 0.9% of the rest mass (H —> Fe). 

Now back to the Cyg X-l system. Generally, the accretion process generates rapid and 

violent fluctuations in x-ray luminosity. Observations and models indicate fluctuations on a 

broad range of timescales. Several accretion disk models of binary systems containing a black 

hole, with the general properties of the Cyg X-l system, indicate that a large fraction of the x-ray 

luminosity from the system originates in the region of the inner edge of the disk, which is 

defined by 77,. In analyzing the time series of x-ray counts coming from Cyg X-l, one would then 

expect to observe fluctuations on a broad range of timescales, with a cut-off in x-ray power at the 

timescale corresponding to the innermost stable orbit of the accretion disk. Naively, this would 

be at At = 2riJc. For the unseen companion in Cyg X-l, modeled as a black hole of mass 16 Jl^, 

this timescale corresponds to about 1 ms. 

A measurement of the timescale of this cut-off has been made by the HEAO A-] 

experiment.28 Figure 16(a) shows the HEAO satellite, which had a complement of four major 

experiments designed to observe astronomical sources in the low energy x-ray to low energj 

gamma-ray spectral region. Figure 16(b) shows the A-l experiment in some detail. This 
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igure 16. (a) The HEAO satellite, which had a complement of four major experiments 
jsigned to observe astronomical sources in the low energy x-ray to low energy gamma-
y spectral region, (b) The A-1 experiment in some detail. This experiment was built by 
ASA and NRL, and was designed to be a survey instrument sensitive to x-rays in the 1 to 
) keV energy band. It was operational during the years 1977-1979. 

experiment was built by NASA and NRL, and was designed to be a survey instrument sensitive 

to x-rays in the 1-30 keV energy band.29 It was operational during the years 1977-1979. The 

experiment is basically a collimated thin-window multiwire proportional chamber array, with a 

net aperture of about 1 m2. The angular acceptance (FWHM) of the collimators is given in the 

figure, with each proportional chamber module, 1-7, having the * x z acceptance printed on it. 

The long direction of collimation is parallel to the long direction of the module (along the x-

axis). Much of the time, while in the survey mode, the HEAO satellite was spinning about the z-

axis (which points towards the sun). Typical photon timing information was at 5 ms and longer 

timescales; however, a number of special telemetry runs were made with 7.8 Jis timing 

resolution. Unfortunately, as is often the case in space-based experiments, all did not go well. 

Soon after launch, about 2/3 of the effective area was lost due to module failures (which were 

never completely understood). In addition, energy pulse-height information was essentially lost 

for all the data due to a serious malfunction in the ADC system. No way to drop the beam and go 

into the IR to fix these problems! 

On May 7,1978, HEAO A-1 was taking pointed data on Cyg X-l while the source was in 

the "low" state (the state believed appropriate to observe the core of the x-ray source, see 

Sec. 4(a). The average count rate observed by A-1 was 1020 Hz, or a mean energy flux of 1.25 x 

10'" W/m2 integrated over the 1-30 keV range. This corresponds to a mean source luminosity of 

about 10 3 0 W in this x-ray band, using the current estimate of the distance to Cyg X-l of 2.5 kpc. 

The A-1 proportional counter detector employed for the observation had a net aperture of 

1650 cm 2 and a 1° x 4° (FWHM) field of view. Data were received in real time during one 

HEAO pass over a ground receiving station for a total of nine minutes. During the pass, the 

satellite's 128 kbit/sec data transmission rate was used, while data were being taken by A-1 at 

that same rate. (The normal A-1 data taking rate was much lower.) The data stream had a " 1 " or 

"0" set every 7.8 |is, with a " 1 " indicating that at least one x-ray event had been detected in that 

time interval. Note that for Poisson-distributed events of average rate 1020 Hz, the probability of 



more than one event falling in a 7.8 us interval is 8 x 10"3. No photon energy information was 

recorded for the events in this transmission mode. 

The analysis of these data to determine the intrinsic time variability of Cyg X-l is 

complicated by the purely statistical fluctuations in the x-ray luminosity. A contamination arises 

at the shorter timescales from fluctuations on longer timescales "leaking" into the measured 

power at shorter timescales; this statistical effect has to be unfolded from the data. The analysis 

of Ref. 28 used a specially constructed algorithm to deal with this effect. 

A brief description of the analysis method is as follows: 

• The determination of variability on a given timescale must be measured in the presence of 

other (possibly contaminating) variability timescales. 

• Data (counts) from the entire nine-minute, 7.8 us sample were sorted according to their time 

of occurrence into sets with ten bins per set. This was done for a fixed bin width for all the 

data. This yields many ten-bin sets over the entire data sample. 

• Fitting a constant mean rate, <«/>, to each independent ten-bin set, a value of %2 was 

determined for each set. 

• The sorting and fitting was done six times with bin widths (time resolution, At), 0.3,1, 3,10, 

30, and 100 ms. The lowest resolution used was much bigger than the intrinsic resolution of 

7.8 us. 

• <«,> was determined separately for each time resolution, Which implies nine degrees of 

freedom for each fit. (Ten data, and one free constant in the fit.) 

• A distribution of/ 2 resulted from the many fits at each time resolution. 

• Variability at each resolution was assessed by comparing the integral of the distribution of %2 

found for all sets with that bin width, with the integral distribution theoretically expected for 

Poisson randomly distributed events into the same bin width (at the same mean rate, <«,•>). 

• Figure 17 shows the two distributions for each time resolution. A clear excess is found for all 

of the curves derived from the data compared to the curves for purely Poisson distributed 

events, except at the shortest timescale where no excess is observed. Given that at the 

- 164 

a 

"S 

10 2 

I I " 

\ • \ • \ • \ • \ • \ • \ • \ • \ • 
10 1 : ^ x * \ • 

\ • \ • \ • \ • 
\ • \ •• 
\ • \ •• 

•\ \ \ A 
10° T1XX * \ \ . * ^ \ # \ 30 ms -

^v \ A x A V \ * \ • 
x »\ \ « 

\ \ • \ * \ \ 
X \ \ \ * \ V 

x \ \ • \ • \ \ 
1 0 - 1 — • \ — \ \ \ • — \ • \ * \ * x \ 1ms \ • \ * x \ \ \ * x , . \ 

Am \ * \ 10 ms 
\ 0.3 ms \ • \ 

10" 2 _ x \ - \ • — 

X X 

\ • 
\ • 

X X 
Poisson 

\ ° 1 0 - 3 

I 1 l _ * _ 

• 
3 ms 

l l 
18 36 18 36 54 

7M8A18 

Figure 17. The integral %• distribution vs. y} for the HEAO-A1 timescale analysis of Cy 
X-l data. The analyzed data are plotted for five timescales. The data are dots, and (t 
assumed Gaussian theory are solid lines. The fastest timescale, 0.3 ms, also shows 
Poisson Monte Carlo calculation as *'s. The curve defined by the x's is arbitrarily shifte 
downward for clarity of presentation. See text for a detailed explanation. A clear excess 
found for all of the curves derived from the data compared to the curves for purely Poissc 
distributed events, except at the shortest timescale where no excess is observed. 



shortest timescale <n,> = 0.3 events, a Poisson statistics Monte Carlo calculation was done 

as well as. the analysis described above. The Monte Carlo points are shown as the *'s in the 

figure; these points are displaced down for the clarity of the figure. The shape of the Monte 

Carlo agrees well with that of the data, with no excess within errors indicated. 

» Figure 18 shows the relative power for each timescale. The vertical error bar is the statistical 

error on the relative power horizontal; the horizontal error bar defines the timescale of each 

point. The relative power is calculated for each bin width using the formula (see appendix of 

Ref. 28) 

p"' TNT^I ' ( 7 0 ) 

diere for each time resolution, Ar, 
10 

<N> = X < "/ > = 1 0 2 0 x ( 1 0 A / ) c o u n t s ' ( 7 1 ) 
I 

here 1020 counts/sec was the average total x-ray rate into the detector ftom Cyg X-1 during the 

easurement. The results are also summarized in Table 2. 

Figure 18 and Table 2 show strong evidence for the predicted cut-off at a timescale of 

tout 1 ms and indicate that the unseen object in Cyg X-1 is indeed compact with a diameter of 

iout or less than 1 ms, or 3 x 102 km. 

The analysis technique used by Ref. 28 is somewhat specialized and difficult to use. A 

are general technique for this type of multiresolution analysis is based on Wavelet methods. A 

ief introduction to Wavelet methods is given in Appendix A of these lectures. 
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Figure 18. The relative power for each timescale of Cyg X-1. The vertical error bar is the 
statistical error on the relative power horizontal; the horizontal error bar defines the 
timescale of each point. Also, see Table 2. 



1 Distribution Mean/ 2 Relative Power 

Calculated from Poisson distribution for 

a mean of three events in ten bins. 8.75 ... 

Data in 0.3 ms bins 8.78 ±0.01 0.014 ±0.005 

Data in 1 ms bins 9.72 ±0.02 0.08 ±0.002 

Data in 3 ms bins 10.60 ±0.05 0.054 ±0.002 

Data in 10 ms bins 12.2 ±0.1 0.032 ±0.001 

Data in 30 ms bins 16.7 ±0.2 0.026 ±0.001 

Data in 100 ms bins 37.7 ±0.4 0.029 ±0.001 

Expectation value for independent events 9 ... 

Table 2. Mean %2 and relative power from Cyg X-l x-rays. 

4. X-Ray Astrophysics 

This section focuses on the experimental and phenomenological aspects of x-ray astrophysics. X-

ray spectral and timing information can be useful in distinguishing the different types of x-ray 

binary systems discussed above. Such information can be used in a general way as an adjunct to 

the mass determination of the compact x-ray source to characterize neutron star vs. BHC 

systems. In addition, detailed analysis of timing information, as discussed in Sec. 3e, can yield 

quantitative information on the structure of these systems. 

Figure 19 shows the HEAO A-l x-ray all-sky map.29 The HEAO A-l experiment was 

described in Sec. 3e(i). The all-sky map shows about 1000 x-ray sources, many of which are 

binary systems with a compact stellar object. The size of the dot is proportional to the log of the 

intensity of the object. Sco X-l, a LMXB system containing an old neutron star, is by far the 

brightest nontransient source in the sky. According to the HEAO A-l catalogue, its intensity in 

1-30 keV photons is 37.2 counts/sec/cm2. 

Since x-rays from space are totally absorbed by the Earth's atmosphere, experiments that 

measure astronomical sources of x-rays must be done in space using satellite experiments. 

Figure 20 shows a cartoon of the typical x-ray timing experiment in orbit. As contrasted with x-

ray imaging experiments, which have very fancy x-ray focusing optics and CCD detectors with 

poor timing capability, timing experiments are very simple. (This includes the new generation of 

timing experiments, USA and XTE discussed below, to be launched over the next couple of 

years.) As the figure shows schematically for the USA experiment, they consist of an array of 

multiwire proportional chambers (MWPC), two or more, shadowed by mechanical collimators 

that limit the field of view to a few degrees or less. The satellite can be pointed at a source as is 

the case in the figure or can be rotating in a survey mode. Past missions tended to spend 

considerable time in survey mode, while the current generation of experiments will be pointed. 

The intrinsic timing resolution of a multiwire proportional chamber is well within a usee. 

However, on-board data storage and telemetry bandwidth limitations have restricted past 

experiments to operate, with minor exception (e.g., HEAO A-l), with > 1 msec timing 

resolution. Though the data collection deadtime from a single MWPC is about 20 (isec in the 
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Figure 19. The HEAO A-1 x-ray all-sky map. The HEAO A-1 experiment was described in 
Sec. 3.e(i). The all-sky map shows about 1000 x-ray sources, many of which are binary 
systems with a compact stellar object. The size of the dot is proportional to the log of the 
intensity of the object. 
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X-ray signals from Cyg X-1 
• Timing for each 7 
• Energy for each y »«*» 

Figure 20. A cartoon of the typical x-ray timing experiment in orbit. The figure shows the 
USA experiment, which consists of an array of two multiwire proportional 
chambers (MWPC), shadowed by mechanical collimators that limit the field of view 1.2° 
(FWHM). The satellite can be pointed at a source, as is the case in the figure, or can be 
rotating in a survey mode. 



new generation of instruments, an array of more than one MWPC allows effective inter-event 

timing to 1 usee. In addition, improvements in onboard data storage hardware and telemetry 

rates allow the new generation of experiments to actually take advantage of the 1 usee timing 

resolution on a routine basis. Most of the data that comes down from USA and XTE will have < 

few usee timing resolution as well as some energy information for each y event. 

4a. X-Ray Discriminants of Black Holes vs. Neutron Stars 

We start our discussion by considering the best studied BHC (BHC): Cyg X-l. This BHC is one 

member of a binary star system that is extensively discussed in the literature.30 Cyg X-l is a 

binary star system with Right Ascension (RA) a = 19h 56m 28.9s, and Declination (Dec) 8 = 

35° 03' 55". The system is about 2.5 kpc (8.15 ly) distant from earth and is made of an unseen 

compact object, its compactness determined from x-ray timing data as discussed in Sec. 3e(i), 

and a visible stellar companion. The companion star, HDE 226868, is a ninth magnitude 

supergiant B star that showed a simultaneous radio and x-ray intensity transition identifying it as 

Cyg X-l's companion. The x-ray source was the compact object and its accretion disk, while the 

radio source was the B star. The system also shows a 5.6-day period as a spectroscopic binary 

and the same period in soft x-ray variability. 

Using the association of the B star, the current best estimate of the mass of the compact 

object is M x =16 ± 5 JW0; this solution also yields 33 ± 9 Me for the B star. This analysis was 

done using the optical mass function, the spectral type of the B star, 0-9.7 lab, the absence of 

eclipses, and an estimate of the distance at 2.5 kpc from spectral reddening (interstellar dust). 

The analysis also shows a strong limit of M x > 7 JWQ. Optical photometry revealed ellipsoidal 

variations due to tidal deformation of the B star that confirmed the orbital period and indicated a 

mass ratio consistent with spectroscopic findings. 

There is a concern with this analysis. In most HMXB systems, the visible star is found to 

be undermassive by a factor of two to three for its temperature and luminosity. Some models 

indicate that the primary in a black hole binary might be very undermassive. However, the best 
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mass determination for the B star companion for Cyg X-l indicates that it has not lost (or 

accreted) a large fraction of its mass during its evolution. 

Even with the caveat above, Cyg X-l is arguably the best stellar mass BHC that we know 

of. With a lower limit on M x of 7 MQ, the compact object mass is well above the Rhoades and 

Ruffini limit. This object has thus been carefully studied over the past 20 years in the x-ray to 

characterize the x-ray emission of what many believe to be a black hole binary system. These 

observations have .led to a standard phenomenology of a BHC. Even though there may not be a 

mass determination for a binary system, if it shows Cyg X-l like x-ray behavior, it is labeled a 

BHC. As I will show soon, there are a number of other systems with M x > 3 M& that also show 

x-ray behavior very similar to Cyg X-l. 

On monthly to yearly timescales, the 2-30 keV x-ray emission from Cyg X-l exhibits 

cycling between a "high" and "low" state, where the "high" state has about a factor of two 

greater overall intensity than the "low" state. The "low" state has the harder x-ray spectrum, and 

millisecond variability is most readily detected in this state. The "high" state sets in on a 

timescale of days and lasts for about a month. An intense spectral component appears in the 3 -

6 keV band in this state. The luminosity in the "high" state is over 6 x 10 3 0 W. 

The behavior of BHC binary systems is contrasted in parts (a) and (b) of Fig. 21 with x-

ray observations from HMXB and LMXB systems, respectively, that contain a neutron star. 

Part (a) shows data from Cen X-3, an HMXB that shows regular pulsations. The energy 

spectrum shows a power law behavior with a sharp cut-off and structure in the form of cyclotron 

lines. The latter results from the large magnetic field of about 108 T that are associated with 

younger neutron stars. 

Figures 21(c) and 21(d) summarize the features described above that define the expected 

x-ray observations of a BHC x-ray binary system.31 These two parts of the figure use data from 

GS/GRS1124-68 and Cyg X-l, demonstrating the high and low states, respectively. Note that 

BHC binary systems can be either HMXB or LMXB. The combination of msec variability and 

hard power law x-ray energy spectrum seem unique to BHC systems. 
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Figure 21. The behavior of BHC binary systems is contrasted in parts (a) and (b) of the 
figure with x-ray observations from HMXB and LMXB systems, respectively, that contain 
a neutron star. Part (a) shows data from Cen X-3. Part (b) shows data from Aql X-l. 
Parts (c) and (d) summarize the features described in the text that define the expected x-ray 
observations of a BHC x-ray binary system. These two parts of the figure use data from 
GS/GRS1124-68 and Cyg X-l, demonstrating the high and low states, respectively. Note 
that BHC binary systems can be either HMXB or LMXB. The combination of msec 
variability and hard power law x-ray energy spectrum seem unique to BHC systems. 
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Figure 21(b) shows data from Aql X-l, a LMXB containing an older neutron star. This 

object shows type I x-ray bursts and an energy spectrum that can be described as a thermal 

bremstrahlung spectrum. The type 1 x-ray bursts occur periodically on the surface of the neutron 

star. This is driven by the accretion of material to a critical value on the surface. When the 

critical value is exceeded, a rapid nuclear bum of this material results. This is a key indicator that 

a LMXB system contains a neutron star rather than a BHC, as a BHC has no surface to allow 

accumulation of material. Unfortunately, such x-ray bursts can appear very rarely. For example, 

the LMXB Cir X-l was long thought to harbor a BHC as it showed a very soft spectrum and 

msec time structure in the x-rays. However, recently it also showed a classical type I x-ray burst 

that immediately changed its classification to a neutron star system. These systems show 

aperiodic variability and quasiperiodic oscillations that are thought to originate in the accretion 

disk dynamics; they do not show regular pulsations. They also show only small amplitude at 

rapid timescales. Measurements of cyclotron lines in some of these systems indicate that the 

magnetic field is much lower, with B = 104 T, than in the case of an HMXB containing a neutron 

star. These features indicate that the compact object in these LMXBs is an older neutron star. 

So far, we have focused our discussion on x-ray binary systems that have limited 

transient behavior. These systems can be observed at almost any time, though their intensity 

fluctuates. Some transient x-ray objects have a dramatically different character, and there are 

observations of a number of transient BHC systems of this type. They lie dormant, essentially 

unobservable for long periods, and then explode into activity with intensities that far exceed the 

brightest steady state x-ray sources. Figure 22 shows32 recent observations of four such LMXB 

sources, where the flux is plotted in crab units of intensity vs. time in days after outburst. It 

should be noted that one crab unit in the HEAO A-l catalogue corresponds to about 

4 counts/sec/cm2 for 1-30 keV. Note that the sources initially decay with time exponentially with 

about the same exponent. This regularity is not well understood and is not seen by BATSE33 for 

Ej > 30 keV. (The BATSE experiment is described in Sec. 5.) Note that some of the sources 

show secondary maxima. 
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Figure 22. Recent observations of four transient LMXB sources, where the flux is plotted 
in crab units of intensity vs. time in days after outburst. One crab unit in the HEAO A-l 
catalogue corresponds to about 4 counts/sec/cm2 for 1-30 keV. Note that the sources 
initially decay with time exponentially with about the same exponent. This regularity is not 
well understood and is not seen for E, > 30 keV. Also, some of the sources show 
secondary maxima. 

170 

Depending on the transient source, these explosive episodes can last long enough that 

spectroscopic measurements (in visible wavelengths) can be made and mass solutions for the 

system obtained. Figure 13 shows solutions for two systems in Fig. 22, A0620-00 and 

V404 Cyg, both spectacular BHC systems. Some of these systems also show what appears to be 

a strong e+e" annihilation line. Figure 23 shows high-energy x-ray spectra for three transient 

systems. These spectra show structure that can be interpreted as an e+e" annihilation line that is 

redshifted by about z = 0.07. The dotted line in the figure corresponds to 511 keV, while all the 

observed lines have their peaks at about 480 keV. What this might mean as a signature of BHC 

systems has yet to be sorted out. 

Figure 24 shows another interesting spectral behavior for two of these transient BHC 

systems, (a) GS 2023 + 33 and (b) Nova Muscae. These data show the time evolution of the x-

ray spectra. In part (a) of the figure, flickering is observed in the low state of GS 2023 + 33, 

when the effect of absorption is small. Note that the single power law slope is insensitive to the 

intensity. Part (b) of the figure shows a transition between the high and low state of Nova 

Muscae. 

Returning to our discussion of the general characteristics of BHC x-ray binary systems,31 

Fig. 25 shows examples of ultrasoft x-ray energy spectra accompanied by a hard power law tail. 

These ultrasoft spectra correspond to the high state of the BHC systems. In a few cases where 

these data are available, the figure shows the single-power law and low-state spectra in addition 

to the ultrasoft, high-state spectra. In some cases, good mass solutions have been obtained, and 

these are also enumerated in the figure. There are no mass solutions for the other systems, and 

these systems are considered as serious BHC's solely due to the characteristics of their energy 

and timing spectra. Figure 26 shows more of this approach for the sources GX 339-4 and 

GS 1826-24 where no mass solutions exist. The figure compares energy and timing spectra in the 

low state of these systems with Cyg X-l, GS 2023 + 33, and GS 1124-68 (Nova Muscae), 

BHC's where good mass solutions exist. The striking similarity of these spectra is evident. The 

power law in the energy spectra is closely the same in all cases, and all systems show similar 

power spectra (PSD) from the 100 sec to the 10 msec timescale. Unfortunately, shorter timescale 
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Figure 25. Examples of ultrasoft x-ray energy spectra accompanied by a hard power law 
tail. These ultrasoft spectra correspond to the high state of the BHC systems. 
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data do not currently exist for many of these systems (more on this later.) Appendix B gives a 

table of BHC's based on mass function, and x-ray timing and spectral evidence. 

The single-power law energy spectrum observed in the low state of BHC systems may be 

i general signature, independent of the mass of the candidate black hole. Table 3 shows the 

tingle power law slope of both stellar mass and AGN BHC's. The high-state, high-energy 

iingle power law was extracted by fitting a single power law and an ultrasoft spectrum to the 

otal spectrum. 

The following remarkable regularities follow from the table and other information: 
1 For both AGN and stellar x-ray binary BHC's, the slope of the power law is distributed 

within the same range. 

The power law extends to 100 keV and beyond. 

The power law component of the spectrum shows large and irregular temporal changes; 

however, the power law slope for each individual source remains stable against large changes 

in intensity. 

Flickering in intensity occurs on timescales which are scaled to the mass of the central object. 

Source Name Low State 
Single Power Law Exponent 

High State 
High-Energy Power Law Exponent 

CVRX-1 1.5-1.7 
GS 2023+33 1.4-1.7 
GS 1826-24 -1.7 
GX 339-4 -1.6 -2 .5 

GS 2000+25 -1.6 2.0-2.3 
GS/GRS1124-6 1.6-1.7 -2.5 

LMCX-3 -2 .2 
GS 1354-64 -2.3 

AGNs 1.3-2.3, average-1.7 

»ble 3. Minus the power law slope for the low and high states of x-ray binary and AGN BHC's. 
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These similarities suggest that the power law component is produced by the same mechanism for 

both classes of BHC sources. Note that the ultrasoft component for AGN's appears in much 

longer wavelengths than the x-ray band (UV band). Thus, only the single-power law component 

will be visible in x-rays, whichever state an AGN might take. This could explain the larger range 

of single-power law exponents for AGN in Table 3. 

4b. Future X-Ray. Missions 

Within the next two years, two new x-ray timing missions will be launched. These are the X-Ray 

Timing Explorer, XTE, to be launched in the Fall of 1995, and the Unconventional Stellar 

Aspect experiment, USA, to be launched about one year later. These experiments both bring 

about two to three orders of magnitude improvement in timing resolution, to the usee level. The 

experimental features of USA and XTE are somewhat complementary, as are their planned 

observation programs: 

• Both have a large detector area, with the counting rate on the Crab pulsar being about 10 kHz 

for both experiments. USA emphasizes low energy x-rays with 1 < E r < 30 keV, while XTE 

starts somewhat higher at about 2 keV and has acceptance to 200 keV. 

• Both have a field of view of about 1° (FWHM) collimated, energy resolution AE/E - 15%, 

and time resolution of 1 usee. 

• USA has an average data rate, which can be transmitted to the ground, of 40 kbits/sec for 

60% of the mission time or 128 kbits/sec for a maximum of five hours per day. XTE rates are 

a time-averaged rate of 21 kbits/sec or 256 kbits/sec for a maximum of about 30 minutes per 

day. These data transmission rates are unprecedented for x-ray timing missions. 

• USA has a mission lifetime of > 3 years, concentrating observations on the 30-40 brightest 

x-ray sources. XTE has a mission lifetime of > 2 years in a standard NASA guest observer 

mode. 



Future observations with USA and XTE should greatly expand our knowledge of BHC 

and neutron x-ray binary systems: 

• USA will have weeks of usee timing data at a rate of 128 kbit/sec on CYG-X-1 and other 

BHC systems, as compared to minutes from HEAO A-l. XTE should also greatly expand the 

usee level timing data on these systems. 

• Both experiments will have S 4 jisec time resolution in this mode, corresponding to < 1 km 

spatial resolution (Ax ~ cAt). They will also typically have energy information on each 

photon, allowing a time-energy correlation to be made. 

• A surface outside the horizon radius of a BHC may indicate a new state of matter. USA and 

XTE have the timing resolution to see the power increase expected at these frequencies (At ~ 

2Rsuiface/c)> if such a surface exists. For true black holes, no power increase is expected for 

frequencies higher than those produced in the accretion disk, and disk frequencies should be 

cut off by the diameter of its inner edge (~ 6 R s c h). 

More detailed information on each experiment is given in the following sections. 

(i) The Unconventional Stellar Aspect Experiment—USA 

Figure 27 shows an artist's conception of the USA detector mounted on the rear of the ARGOS 

satellite. USA is one of four scientific experiments on the satellite and has been in preparation 

for about five years. The other three are ultraviolet experiments. ARGOS is scheduled to be 

launched by the Air Force in the Fall of 1996. A full view of USA is depicted in the figure. The 

inset shows John Hanson, Aero-Astro/SLAC graduate student, sitting in his creation—the 

support structure and yoke for USA. Figure 28 gives an overview of the ARGOS satellite. 

USA is a collaboration of the Naval Research Laboratory and Stanford University 

(Physics Department and SLAC) scientists, with representation also from NASA-Ames, 

Saddleback College, Sonoma State University, the University of Calgary, the University of 

Oregon, and the University of Washington. It is designed to make long, pointed observations of 

Figure 27. An artist's conception of the USA detector mounted on the rear of the 
ARGOS satellite. USA is one of four scientific experiments on the satellite, and has been 
in preparation for about five years. The other three are ultraviolet experiments. ARGOS 
is scheduled to be launched by the Air Force in the Fall of 1996. A full view of USA is 
depicted in the figure. The inset shows John Hanson, Aero-Astro/SLAC graduate student, 
sitting in his creation—the support structure and yoke for USA. 
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Figure 28. An overview of the ARGOS satellite. 
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selected sources, with emphasis on lower x-ray energies than XTE. USA's 1-30 keV energy 

range extends that of XTE toward low energies where, for many sources, the counting rates are 

considerably larger. The scientific goals of USA include many of the same as for XTE, but USA 

will be used in an observation mode that dedicates large amounts of observing time (i.e., many 

weeks of observing time over a three-year period) to each of 30-40 astronomical objects of 

particular scientific interest to the collaboration. These measurements should engender a much 

greater depth of understanding of these BHC and neutron star accretion systems compared to 

current measurements. USA's observing mode is scientifically complementary to the planned 

functioning of XTE as a general purpose x-ray timing observatory, to be used by guest 

investigators in a great variety of observing programs, each of short duration. For more details 

about USA, see the World Wide Web at URL: 

http:\\www.slac.stanford.edu\group_k 

or contact the USA Principal Investigator Kent Wood, or SLAC Co-Investigator Elliott Bloom at 

these respective Internet addresses: wood@ssdO.nrl.navy.mil, and elIiott@slac.stanford.edu. 

The USA x-ray detector system consists of two multiwire proportional chambers, side by 

side, shadowed by copper hexel collimators that define a 1.2° cone on the sky (FWHM). The 

chambers are filled with P10 gas at 1.1 ATM, with enough gas stored for a three-to-six year 

lifetime. A unique feature of this chamber is a 2.5 urn mylar window. Such very thin windows 

have been flown successfully by the NRL x-ray group in a number of past missions. This 

window, together with the 2.5 um aluminized mylar heat shield, is thin enough to allow 

measurement of x-rays down to 1 keV. The energy acceptance of the detector is 1-30 keV. The 

effective aperture of both chambers through the collimators is 2000 cm2 at 3 keV. The system 

has an energy resolution of AE/E = 17% , which is about 1 keV at 5.9 keV. In order to reject 

charge particle backgrounds, the chamber has a built-in anticoincidence system. This five-sided 

cosmic-ray veto gives a residual rate of 4 x 10"3 counts/cm2/sec at 1-10 keV. 

http://www.slac.stanford.edu/group_k
mailto:wood@ssdO.nrl.navy.mil
mailto:elIiott@slac.stanford.edu


The USA experiment is unique among all x-ray experiments, including XTE, in that it is 

integrated with a GPS receiver on board the ARGOS spacecraft. This will allow absolute timing 

to the microsecond level over long periods of time. The GPS timing signal combined with the 

usee capability of the USA experiment will result in unprecedented microsecond timing 

information for an x-ray experiment. 

(ii) The X-Ray Timing Explorer—XTE33 

Figure 29 shows a schematic of the XTE. This satellite contains three experiments that are 

dedicated to x-ray timing and has been in preparation by NASA for about 15 years. The three 

instruments on the observatory are the proportional counter array, PCA, the high-energy x-ray 

timing experiment, HEXTE, and the all-sky monitor, ASM. XTE is due to be launched into low 

earth orbit in late 1995. The instruments on XTE are a collaboration of the NASA Goddard 

Space Flight Center, Massachusetts Institute of Technology, and the University of California at 

San Diego. It will make pointed observations with both the PCA and HEXTE, and scanning 

observations with the smaller ASM. The pointed observations will be selected by NASA peer 

review from proposals submitted in response to a NASA Research Announcement. 

XTE will have the following scheduling features for scientific reasonsf Sources more 

than 30° off the ecliptic can be observed at any time. Time-constrained observations will be 

supported, e.g., in order to observe objects at specific epochs, to allow participation in 

collaborative multiwavelength observations, and for repeated observations. There will be 

provisions to monitor given sets of objects, such as AGN, or x-ray binaries, with short 

observations. Transients will be observable with the pointed detectors within seven hours of 

detection by the ASM or notification from another observatory. 

The studies to be carried out by XTE include the nature of black holes (including those 

that may be in AGN), neutron stars, and white dwarfs—their interactions with their environs, the 

systems in which they are formed, and their ultimate fates. The objectives will include, where 

appropriate, the interior composition and properties, and relationships between magnetic and 

rotation axes. Of special interest are radiation generation mechanisms, disk and wind 
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Figure 29. A schematic of the XTE. This satellite contains three experiments that are 
dedicated to x-ray timing and has been in preparation by NASA for about 15 years. The 

> three instruments on the observatory are the proportional counter array, PCA, the high 
energy x-ray timing experiment, HEXTE, and the all-sky monitor, ASM. XTE is due to be 
launched into low earth orbit in late 1995. 



instabilities, x-ray transients, the end points of binary system evolution, and the formation of the 

x-ray background due to cosmologically distributed AGN. For more details about XTE, see the 

World Wide Web at this URL: 

http://heasarc.gsfc.nasa.gOv/0/docs/xte/xte.html 

or contact the Principal Investigator Jean Swank at this Internet address: 

swank@lheavx.gsfc.nasa.gov. 

The PCA and HEXTE are designed to take pointed observations. The PCA measures x-

:ays in the 2-60 keV region and has an exceptionally large effective collecting area of 6250 cm2. 

The energy resolution is 18% at 6 keV. It consists of five separate gas-filled multiwire 

iroportional chambers, each with a collimator and a sun shade. The detectors are sealed with 

tenon gas which gives them acceptance to 60 keV. The background is kept very low by means 

if anticoincidence chambers on four sides of the detection chamber. The HEXTE system is 

ensitive to 20-200 keV x-rays. There are two "rocking" clusters, each with 4 Nal/Csl 

phoswich" detectors. A single phoswich detector consists of a 3 mm thick Nal primary detector 

oupled to a 38 mm thick Csl anticoincidence crystal that also serves as a light guide to the 

hotomultiplier tube. These lie inside a five-sided plastic scintillator anticoincidence shield. Each 

etector has 200 cm2 net effective area. Each cluster contains four detectors; the total net area of 

le entire system is 1600 cm2. The field of view is 1° FWHM and is coaligned with the PCA. 

The third XTE instrument is the ASM. This device scans 80% of the sky every -100 

linutes to monitor the intensity of the brightest ~ 75 x-ray sources and to provide an alert if a 

rorce changes state or brightens suddenly. This allows the spacecraft to be maneuvered so the 

CA/HEXTE systems can study the event. The ASM consists of three scanning shadow cameras 

i one rotating boom with a total effective area of 90 cm 2. Each device is a "Dicke camera" 

msisting of a one-dimensional mask and a one-dimensional position-sensitive proportional 

- 177 -

counter. The gross field of view of a single camera is 6°x 90° FWHM, and the angular 

resolution in the imaging direction is 0.2°. The intensities and other basic results derived from 

the ASM data will immediately be made available in the XTE science operations center and to 

the community in general via computer links. With its combination of instruments and broad 

user community, XTE should bring rapid progress to many subfields of x-ray timing astronomy 

and astrophysics (and particle astrophysics). 

In summary, Fig. 30 shows the effective x-ray acceptance vs. energy of past, current, and 

future x-ray satellite detectors for 1-200 keV. The acceptance of USA is shown as dots, while 

the XTE PCA is the top solid line in the figure. The XTE HEXTE effective acceptance, taking 

into account routine off-target background scans, is shown as the top dashed line starting at about 

20 keV. XTE will make a dramatic increase in effective area compared to past experiments over 

much of the energy range shown. USA will have an increased effective area below 2 keV, 

compared to past timing experiments, due to its ultrathin mylar window. 

5. Gamma-Ray Astrophysics 
With the launch of the Compton Gamma-Ray Observatory (CGRO) by NASA in early 1991, a 

dramatic influx of new gamma-ray data in the 0.5 MeV-30 GeV energy range became available 

to investigators. The CGRO34 consists of four experiments. The Burst and Transient Source 

Experiment (BATSE) studies short-lived phenomena, such as gamma-ray bursts. The Oriented 

Scintillation Spectrometer Experiment (OSSE) measures the low-energy gamma-ray spectrum of 

celestial objects, in particular, higher energy x-ray and lower energy gamma-ray lines from 

atoms and nuclei. The Imaging Compton Telescope (COMPTEL) measures gamma-rays in the 

MeV to tens of MeV range, with an emphasis on higher energy nuclear lines. Finally, the 

Energetic Gamma-Ray Experiment Telescope (EGRET) is the highest energy gamma-ray 

instrument measuring Vs in the 50 MeV-30 GeV range. In this section, we will concentrate on 

the results of BATSE and EGRET. Both of these instruments have made contributions that are of 

considerable interest to particle physics. 

http://heasarc.gsfc.nasa.gOv/0/docs/xte/xte.html
mailto:swank@lheavx.gsfc.nasa.gov
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Figure 30. The effective x-ray acceptance vs. energy of past, current, and future x-ray 
satellite detectors from 1-200 keV. The acceptance of USA is shown as dots, while the 
XTE PCA is the top solid line in the figure. The XTE HEXTE effective acceptance, taking 
into account routine off-target background scans, is shown as the top dashed fine starting at 
about 20 keV. XSPECT, SAX, and ART-S are future experiments. 

5a. Gamma-Ray Bursters 

Gamma-ray bursts are intense transient bursts of y's with spectral contribution from the x-ray 

region to about 20 GeV (the highest energy burst photon yet observed by the EGRET 

experiment).35 These bursts have a complicated temporal structure and have been observed to 

have durations from less than 0.1 sec to more than 500 sec. They were first discovered by the 

American, classified, VELA satellites that were placed in orbit to detect clandestine nuclear 

explosions above the surface of the earth. The startling discovery of naturally occurring gamma-

ray bursts over the celestial sphere took a number of years to be made public due to classification 

issues. 

Figure 31, adapted from G. Fishman,36 indicates that the development of theories of 

gamma-ray bursts is based upon relatively little data which, in turn, have been controversial. 

BATSE has broadened the observational base considerably over the past four years with much 

reliable data. This data flow should continue for the life of the CGRO satellite. Indeed, pre-

BATSE, over 100 theoretical papers were published speculating on the nature of these 

phenomena. Since BATSE has begun, more than 50 additional theoretical papers have addressed 

this issue.37 In the past, the theories, in the large, were concerned with neutron star models of 

gamma-ray bursts. However, the uniformity of these bursts on the sky, which we shall discuss in 

some detail, has made it very difficult for the neutron star source models. This is because neutron 

stars are thought to be a product of the death of stars that are congregated in the plane of the 

galaxy. Thus, one would expect to see the influence of the galactic plane in the distribution of 

bursters on the sky. None is observed by BATSE, which has placed new emphasis on 

cosmological models of gamma-ray bursts. 

The pre-BATSE theoretical near consensus that bursts were galactic, originating from a 

neutron star population having a strong magnetic field, was based on the following 

observational information: 
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Figure 31. Adapted from G. Fishman: indicates that the development of theories of gamma-
ray bursts is based upon relatively little data which, in tum, have been controversial. 
BATSE has broadened the observational base considerably over the past four years with 
much reliable data. 
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• Millisecond fluctuations in the burst intensity indicated a compact object consistent with a 

neutron star. 

• Observation of spectral lines in the 20 keV-€6 keV range by the GINGA satellite38 are 

interpreted as cyclotron lines corresponding to a 10s T magnetic field, which is consistent 

with a neutron star. (To this date, OSSE has not confirmed these observations.) 

• There are no quiescent counterpart sources to bursts that have been observed. This is 

compatible with the burst source being an isolated compact object. 

• In some bursts, soft x-ray tails can be fit by a blackbody spectra with T <* 3 keV. This implies 

through model calculations a source radius, R = 0.7 (d/1 kpc) km. Such a source structure is 

consistent with the polar region of a neutron star for bursters with d < 10 kpc, i.e., galactic 

sources. 

These pre-BATSE (and OSSE) experimental results led to many, many models for 

bursters based on a galactic population of isolated neutron stars. One unavoidable prediction 

from these models was that detectors of increased sensitivity should see an anisotropy in the 

burster distribution on the sky towards the galactic plane. BATSE, which has now collected well 

over 1500 bursts, has not observed this predicted anisotropy to levels that make galactic models 

of bursters highly unlikely. 

BATSE39 consists of eight identically configured detector modules and a Central 

Electronics Unit (CEU). Each detector module contains two NaI(Tl) scintillation detectors: a 

Large Area Detector (LAD) optimized for sensitivity and directional response, and a 

Spectroscopy Detector (SD) optimized for energy coverage and energy resolution. The eight 

planes of the LADs are parallel to the eight faces of a regular octahedron, with the orthogonal 

primary axes of the octahedron aligned with the coordinate axes of the CGRO spacecraft. The 

detectors are mounted to the eight corners of the spacecraft. 

The LAD detector is a disk of Nal scintillation crystal 20 inches in diameter and 0.5-inch 

thick, mounted on a 0.75-inch layer of quartz. The large diameter-to-thickness ratio of the 

scintillation crystal produces a detector response similar to that of a cosine function at low 



energies where the crystal is opaque to incident radiation. At energies above 300 keV, the 

angular response is flatter than a cosine. A light collector housing on each detector brings the 

scintillation light into three five-inch-diameter photomultiplier tubes. The signals from the three 

rubes are summed at the detector. A 0.25-inch plastic scintillation detector in front of the LAD is 

used as an anticoincidence shield to reduce the background due to charged particles. A thin lead 

and tin shield inside the light collector housing reduces the amount of background and scattered 

radiation entering the back side. 

The spectroscopy detector is an uncollimated NaI(Tl) scintillation detector five inches in 

diameter and three inches thick. A single five-inch photomultiplier tube is directly coupled to 

the scintillation detector window. The housing of the PMT has a passive lead/tin shield similar to 

that of the LADs. The crystal housing has a three-inch-diameter, 50 mm thick beryllium window 

on its front face in order to provide high efficiency down to 10 keV. The axis of symmetry of an 

SD is offset by 19° from the LAD axis for mechanical reasons. 

Scintillation pulses from the detectors are processed by a gated baseline restoration 

circuit in order to minimize spectral distortion at high counting rates. Pulses are processed in 

parallel by a high-speed, four-channel discriminator circuit and by a slower, pulse-height 

analyzer system. The nominal equivalent energies of the upper three discriminators for the 

LADs are 60,110, and 325 keV. The lower-level discriminators are programmable and currently 

set near 20 keV. Two of the fast discriminators for the SD's are set at energies above the 

energies analyzed by the pulse height system. The gain of each detector system is determined by 

the high voltage applied to the PMT's. The SD's are operated at three different gains in order to 

span from 10 keV to greater than 100 MeV. 

Each of the eight BATSE detector modules sends data to the Central Electronics Unit 

(CEU). The CEU contains hardware and software that accumulates the data into several large 

RAM memory buffers. Extensive use of commandable parameters, plus the capability to 

reprogram the flight software, ensures that BATSE has the flexibility to respond to unforeseen 

conditions or newly discovered gamma-ray phenomena. Signals from the pulse-height 

converters are used to construct 128-channel spectra from the LAD's and 256-channel spectra 
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from the SD's. Each of the spectra are subdivided into ranges with different dispersions to 

increase the dynamic range and to efficiently use the available telemetry space. These energy 

channels are also mapped into 16 coarse energy channels using programmable look-up tables, 

one for the LAD's and one for the SD's. This permits the trade of time resolution for energy 

resolution in several of the data types. Discriminator events are accumulated in the hardware 

every 64 ms. The CEU hardware constructs various data types from the discriminator counts, 

and the 16-channel, 128-channel, and 256-channel count spectra. 

BATSE detects gamma-ray bursts on-board by examining the count rates of each of the 

eight LAD's for statistically significant increases above background on each of the three 

timescales: 64 ms, 256 ms, and 1024 ms. The discriminator rates in channels 2 and 3 

(approximately 55-325 keV) are used. The background rate is determined for each detector over 

a commandable time interval currently set at 17.4 seconds. The statistical significance required 

for a burst trigger is set separately for each of the three timescales, with a quantization of 

0.0625 sigma. These thresholds are currently set at 5.5 sigma. At least two detectors must 

exceed threshold for a burst trigger to occur. An additional requirement for burst triggering is 

that the detector with the greatest increase in count rate must have an increase in the charged 

particle rate that is less man a specified fraction of the increase in the neutral rate. This is done 

in order to avoid triggering on charged-particle event encounters, such as those produced by 

spacecraft containing nuclear reactor power sources. 

When a gamma-ray burst is detected, the CEU enters a fast data acquisition mode and 

rapidly stores a variety of data types into memory. Over the period of a CGRO orbit, the 

normally scheduled output of pulsar and high resolution spectra is suspended, and the collected 

burst data is read out in the variable portion of the data packets. The normal output schedule 

then resumes, in proper synchronization with the CGRO orbit. While the burst memories are 

being telemetered, the trigger thresholds are temporarily revised to values corresponding to the 

maximum rates detected during the burst. Thus, a stronger burst will terminate the readout of a 

weaker burst and overwrite the burst memories. The data available from an overwritten burst is 



timing dependent but includes, at a minimum, the 64-ms-resolution discriminator data 

(DISCSC). 

The error in angular location40 of burst events is the radius of a circle having the same 

area as the 68% confidence ellipse defined by the formal covariance matrix from a minimum x2 

fit on the assumption of normal errors. The error is based solely on the Poisson uncertainty in 

the BATSE measurement of burst flux by each LAD. There is, in addition, an RMS systematic 

error of approximately four degrees. Adding four degrees in quadrature to the error from the fit 

yields an estimate of the 68% confidence interval for the burst location error. One does not 

expect a normal distribution of errors, particularly when a burst is weak (and the error in the 

basic measurement is large). The 95% confidence interval may be three to four times the size of 

the 68% confidence interval. 

Figure 32 shows the duration distribution for 222 BATSE bursts'" as measured by T90, 

where T90 is the time interval during which the integrated counts go from 5% to 95% of the total 

integrated counts in the burst. The solid histogram is the raw data, while the dashed histogram, 

essentially the same as the solid histogram, is the raw data convolved with measurement errors, 

fhe data seem to show a bimodal distribution with one "peak" at about 0.3 sec and the other at 

ibout 35 sees. 

Figure 33 shows some "typical" burst profiles of counts per second vs. time during the 

lurst; these are called light curves. Two distinct types of bursts appear in the figure. Parts (a)-<d) 

how four typical multipeaked complex light curves, while (e)-(h) show four typical smooth 

ight curves. For all parts of the figure, the energy range of photons in the light curve is 50-

00 keV. 

Figure 34 shows the distribution of the energy of the peak emission per unit logarithmic 

lergy interval for a number of bursts. As the figure shows, there are some bursts that have peak 

nission in the 1 MeV range. Energy spectra of a burst can also be characterized by an effective 

>wer law index, a, i.e., £°. Figure 35 shows a distribution of the effective power law index for a 

mple of 222 BATSE bursts measured over the energy range 50-300 keV. The solid line 

presents the distribution for the peak rate spectrum, and the dotted line represents the 
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Figure 32. The duration distribution for 222 BATSE bursts as measured by T,0, where T,0 

is the time interval during which the integrated counts go from 5% to 95% of the total 
integrated counts in the burst. Plotted is number of bursts vs. T 9 0. The solid histogram is 
the raw data, while me dashed histogram, essentially the same as the solid histogram, is 
the raw data convolved with measurement errors. 
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Figure 33. Some' typical" BATSE burst profiles of counts per second vs. time during the 
burst; these are called light curves. Two distinct types of bursts appear in the figure 
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four typical smooth light curves. For all parts of the figure, the energy range of photons in 
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Figure 34. The distribution of the energy of the peak emission per unit logarithmic energy 
interval for a number of BATSE bursts. The number of bursts is plotted vs. peak y 
emission per unit logarithmic energy interval. 
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Figure 35. A distribution of the effective power law index for a sample of 222 BATSE 
bursts measured over the energy range 50-300 keV. The solid line represents the 
distribution for the peak rate spectrum, and the dotted line represents the distribution for the 
total fluence spectrum. 

distribution for the total fluence spectrum. The effective power law peaks at a = -1.7, but has a 

broad distribution which extends to values greater than zero for this energy range. 

Of course, the most exciting result to date from the BATSE experiment is the 

observation of an isotropic distribution of bursts on the celestial sphere.'12 Figure 36 shows the 

BATSE burst distribution in galactic coordinates for the first 743 events. As previously discussed 

in detail, the direction to each burst is determined using the relative count rate on the eight 

LAD's, one at each corner of the CGRO spacecraft. The error on the location, Oe, is about 13° 

statistical and 4° systematic. Table 4 lists the values of the statistics for the ensemble of 743 

bursts. 

Six statistics are used to measure the anisotropy. Two galactic statistics test most 

sensitively for galactic patterns, and thus, are best for testing the question of galactic vs. 

cosmological origin. The statistic <cosO >, where 0 is the angle between the burst and the 

galactic center, tests for a concentration towards the galactic center, while the statistic <sin b-

l/3>, where b is the galactic latitude, tests for a concentration in the galactic plane. Two 

coordinate-system independent statistics43 test for significant dipole and quadrupole moments in 

a model-independent way. The Rayleigh-Watson statistic, W, tests the size of the dipole moment, 

while the Bingham statistic, B, measures the deviation of the quadrupole moments from the 

values expected for isotropy. Finally, two equatorial-based statistics test for the artificial 

anisotropy caused by the proximity of the Earth to the spacecraft. The statistic <sin25 -1/3>, 

where S is the declination to the burst, is sensitive to the quadrupole moment caused by the 

reduced exposure of the equatorial region, and the statistic < sinS > is sensitive to the dipole 

moment towards the North Pole caused by turning the instrument off in the South Atlantic 

Anomaly. 

The direction of a burst is measured by the relative counting rate from each of the eight 

LAD's during the burst. The error listed in the fourth and fifth columns of Table 4 are the l o 

finite sample fluctuation. This comparison between the next-to-last and the last columns 

indicates the evidence for isotropy. No evidence for anisotropy is seen in the table. The 



Table 4. Location Statistics of BATSE's First 743 GRBs 

Statistic Moment Coord. Value Expected Value Expected Observed Values 
Tested System for Isotropy for Isotropy (with Propagation 

with Uniform 
Sky Exposure 

with BATSE's 
Sky Exposure 

of Location Errors) 

cosQ Dipole Galactic 0 ± 0.021 -0.013 ±0.021 0.018 ±0.003 
{sir^b-1/3) Quad. Galactic 0 ± 0.011 -0.005 ± 0.011 -0.012 ±0.002 

W Dipole Independ. 3 ±2 .4 4.5 ± 3.5 1.5 ±0.3 
B Quad. Independ. 5 ±3 .2 10.7 ±5 .8 6.6 ±1.0 

S//78 
(sin2 8 -1/3) 

Dipole Equatorial 0 ± 0.021 0.026 ± 0.022 -0.002 ± 0.002 S//78 
(sin2 8 -1/3) Quad. Equatorial 0 ± 0.011 0.026 ± 0-011 0.023 ± 0.002 

7848A54 
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ire 36. The BATSB burst distribution in galactic coordinates for the first 743 events, 
direction to each burst is determined using the relative count rate on the eight LAD's, 
at each comer of the CGRO spacecraft. The error on the location, a„, is about 13° 
stical and 4° systematic. Table 4 lists the values of the statistics for the ensemble of 743 
its. 
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distribution of bursts is consistent with an isotropic distribution on the sky. The errors are small 

enough that galactic halo models are also limited. For the extended (neutron star) halo model, the 

data requires most burst sources to be at least 100 kpc from the galactic center, regardless of the 

freedom to adjust the form of the radial distribution. In addition, there are essentially no repeater 

bursts; that is, each source has been seen only once. If these bursts are cosmological in origin, 

there must be an enormous power in the burst, much greater than typical bursts associated with 

neutron stars. Such power could arise from the merging of two neutron stars into a black hole. It 

seems like we have a real mystery on our hands. 

Sb. Results from High-Energy Gamma-Ray Experiments 

High-energy gamma-ray astronomy is a relatively young science with the first experiments being 

done from space in about 1962, and the first ground-based ultra high-energy experiments 

(> 0.5 TeV) starting up in the mid-1970s. Table 5 shows a list of orbiting high-energy gamma-

ray telescope missions to date and the increasing sensitivity as time has progressed. 

Instrument Year of Launch Photons Detected 
EXP XI 1962 31 
OSO-3 1968 621 
SAS-2 1972 8,000 
COS-B 1975 200,000 
EGRET 1991 40,000,000 

Table 5. Orbiting high-energy gamma-ray telescope missions. 

High-energy gamma rays from space are excellent probes of the most energetic 

phenomena that occur in nature. They are emitted over a wide range of angular scales from a 

diverse population of astrophysical sources: stellar mass objects, in particular, neutron stars and 

BHC; AGN; interstellar gas in the galaxy that interacts with high-energy cosmic rays; the diffuse 

extragalactic background (the source of which is currently unknown); supemovae that may be 



sites of cosmic-ray acceleration; and gamma-ray bursts. Many of these sources exhibit transient 

phenomena. 

(i) Spaced Based (Mainly EGRET) 

Interest in these areas has received a large boost from the EGRET data. After preparations that 

lasted more than 25 years, the EGRET gamma-ray telescope was launched on CGRO in early 

1991. Figure 37 shows a schematic of the EGRET instrument.44 The instrument is essentially an 

array of spark chambers, read out by magnetic cores, with thin photon converter plates between 

each layer of the chamber. The chamber system is backed by a Nal(tl) photon calorimeter of 

about eight radiation lengths. In addition, there is an anticoincidence "dome" and a time-of-flight 

coincidence system to remove backgrounds. The instrument is about 2 m high and 1.8 m across. 

The EGRET instrument45 is sensitive to photons in the energy range of 30 MeV-30 GeV. 

The spatial resolution is energy dependent, with high-energy photons having an error circle as 

little as half a degree. Source localization of bright sources is possible to within 5-10 arc-

minutes. The energy resolution of the instrument is typically of the order of 20%. The effective 

area is strongly energy dependent but reaches a maximum of 1400 cm2 at 500 MeV (250 cm2 at 

50 MeV, 1200 cm2 at 1 GeV, and 700 cm2 at 10 GeV)7 EGRET sees a large field of view in each 

pointing. Here, the data are generally cut off at 30-40° from the center of the field of view (~ 0.2 

x JI sr). The absolute timing accuracy of arrival times of photons is 0.1 ms. The instrumental 

background is believed to be small compared to the galactic and extragalactic diffuse emission 

(corresponding to a flux of about 2 x 10"5 photons/cm2/sec). 

EGRET data has produced a large number of interesting results. A sample of these 

includes: 

• The EGRET all-sky map.3 4 Figure 38 shows this map for E r > 100 MeV in galactic 

coordinates. Some sources are marked on the figure. 

• Pulsed gamma-ray emission above 100 MeV detected from five pulsars46 (there are recently 

results from a sixth pulsar). Figure 39 shows light curves from four pulsars in the radio, 

optical, x-ray, and gamma-ray. Each pulsar shows a different pattern of emission in the 
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Figure 37. A schematic of the EGRET instrument. The instrument is essentially an arra; 
of spark chambers, read out by magnetic cores, with thin photon converter plates betweei 
each layer of chamber. The chamber system is backed by a NaI(Tl) photon calorimeter 0 
about eight radiation lengths. In addition, there is an anticoincidence "dome" and time-oi 
flight coincidence system to remove backgrounds. The instrument is about 2 m high an 
1.8 m across (outer envelope). 
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(EGRET). Intensity as a function of time is plotted vs. time in fractions of a pulse period. 
The period of each pulsar is given. Each pulsar shows a different pattern of emission in the 
various wavelengths. Geminga is of particular interest in that it has no emission in the radio 
and optical bands, and is most strongly seen in the x-ray and gamma-ray bands. EGRET 
currently has observed a total of six pulsars in gamma-rays. 



various wavelengths. Gaminga is of particular interest in that it has no emission in the radio 

and optical bands, and is most strongly seen in the x-ray and gamma-ray bands. 

• More than 30 sources detected in the galactic plane, including high-energy gamma emission 

from the galactic center region.47 

• Diffuse emission detected from the Large Magellanic Cloud.48 This observation, along with 

the nondetection of the Small Magellanic Cloud, directly shows that cosmic rays are not 

universal but are galactic in origin. 

• Gamma-ray emission from more than 40 AGN.49 These have variability observed on 

timescales of days to months. Ground-based observations from 0.5 TeV on up of Mkn 421 

(AGN) by the Whipple Observatory have been coordinated with observations by EGRET. 

Recently, a flare of Mkn 421 was simultaneously observed by ASCA (x-ray), CGRO, and 

Whipple. • i ' 

• More than 25 high-galactic-latitude unidentified sources.47 

• Detection of a solar flare of several hours' duration and emission to at least 2 GeV.50 

• Several high-energy gamma-ray bursts detected, and emission to at least 18 GeV.35 

I find one of the results listed above particularly exciting and bizarre, the extraordinary 

emissions of AGN, 3C279.51 Figure 38 shows this AGN in the upper central part of the EGRET 

all-sky map. EGRET measured the luminosity in y-rays with E r > 100 MeV to be 5 x 10 4 0 W. 

This equals the total energy output of 10 1 4 Suns (the Milky Way has 10" stars), which also 

equals the conversion to > 100 MeV gamma energy of nine solar masses per year (assuming 

beaming of the source into 0.5 steradians). Assuming about a 10% conversion efficiency of mass 

to energy (probably high), the AGN is consuming ~ 100 solar masses per year and will run out of 

stars in ~10 9 years. 

EGRET saw a factor of five change in this y-ray luminosity over two days. This implies 

the size of the emitting region is less than or equal to about two light days across. This is a 

volume of about 10"6 pc3. The average density of stars in our Milky Way is ~ 10/ pc3. Thus, from 
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a region in which one expects about ten stars, 10 more power than a typical star, or 1000 times 

more power than an entire galaxy is emerging in > 100 MeV y-rays! Could the source of this 

energy be a supermassive black hole? A 109 solar mass black hole is about 20 light hours across. 

Unfortunately, there is no mass determination for the AGN of the quasar 3C278. 

(ii) Ground-Based Gamma-Ray Astronomy 

For high y-ray energy, currently E r > 0.5 TeV, one can observe celestial sources in y-rays on the 

surface of the earth using either atmospheric Cherenkov light telescopes or air shower counter 

arrays. Observed gamma energies extend to 10 TeV for the Cherenkov telescopes, with upper 

limits for energies as high as a few hundred TeV for the air shower arrays (in principle, larger 

arrays can go much higher). For an excellent review of this field, see Ref. 52. Signals in high-

energy gamma-rays have been seen in .earth-based instruments for four sources. These sources 

are two pulsars and two "nearby" AGN's, including the Crab pulsar, PSR Bl 706-44, and the 

recent Whipple Observatory observation53 of the AGN Mkn 421 at a redshift of z = 0.03. It is 

notable that two of the firmly established TeV sources are pulsars and the third is an AGN, all of 

which have been detected by EGRET. 

Figure 40 shows observations of the impulsed photon spectrum from the Crab Nebula.54 

The COMPTEL data are from a Ph. D. thesis.55 The EGRET data56 and model fits are yet to be 

published. The superimposed model57 provides a reasonable interpretation to all the data. This 

model assumes a population of relativistic electrons with energies to 3 x 10 1 5 eV. The a 

parameter in the figure is the ratio of the magnetic field energy density to the electron energy 

density. The synchrotron photons emitted by the electrons spiraling in the magnetic field of the 

nebula have a cut-off near 60 MeV. Photons of higher energy result when these synchrotron 

radiation photons inverse-Compton scatter off the electrons. 

The combination of data from ground-based and space-based high-energy gamma-ray 

observations offer a unique window on the era of galaxy formation, which began about 109 years 

after the Big Bang. Observations of 20 GeV to TeV-range y"s from AGN sources at widely 
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Figure 40. Observations from a number of experiments of the unpulsed photon spectrum 
from the Crab Nebula. The lower energy measurements are space based, while the higher 
energies, Ey > 100 GeV, come from ground-based detectors. The superimposed electron 
bremstrahlung plus inverse Compton scattering model of DeJager and Harding provides a 
reasonable interpretation to all the data. This model assumes a population of relativistic 
electrons with energies to 3 x 10'5 eV. The o parameter in the figure is the ratio of the 
magnetic field energy density to the electron energy density. 
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different redshifts are needed for such a study. The basic mechanism at work is the f( interaction 

at high enough CM energy to make e V pairs; this removes the photon from the "beam." The 

photons emitted by AGN are thought to have high enough energy that interaction with the 

Extragalactic Background Light, EBL, will make pairs.58 As recently pointed out,59 the dominant 

factor influencing the EBL is the epoch of galaxy formation. In modern theories, the galaxy 

formation epoch depends on the nature of dark matter. 

• Cold Dark Matter, CDM (e.g., WIMPs, MACHOs, super symmetric particles) has low 

velocity and tends to reinforce structure formation via gravity. 

• Hot Dark Matter, HDM (e.g., neutrinos with mass, light axions) has a large velocity and 

tends to wash out structure formation (i.e., delay it). 

For interactions of high-energy photons, energy E,, with the EBL, the yy-* e+e" cross section is 

maximal for EBL photons with energy, eEBL ~ (J TeV/E]/3 eV. The EBL energy spectrum is 

maximal in the range 0.1-10 eV (Ref. 59), which implies that maximal scattering occurs for E r in 

the range 0.030 TeV < Er < 3 TeV. This range of parameters has good sensitivity to galaxy 

formation for z < 1, where z is the redshift of the AGN observed in high-energy "fs (z determined 

by other means). 

Figure 41 shows Mkn 421 data from EGRET and Whipple, compared with the various 

EBL models from Ref. 59. Mkn 421 has a z = 0.031; the figure also shows a hypothetical source 

at r = 0.5, and how it would be cut off by Model 2 of the EBL (see figure). The Whipple results 

for Mkn 421 are not well-fit by any of the models. This suggests to the authors of Ref. 59 that an 

intrinsic cut-off exists at the source at about 3 TeV. If such a cut off exists, it would limit the 

utility of z « 1 sources in characterizing the EBL. Higher z sources show a cut-off by the EBL 

at much lower energy in these theories. 

EGRET has observed about ten AGN's with z < 1 in GeV Ys, including Mkn 421. So far, 

Whipple has only published results on Mkn 421 in the TeV region. Filling in the region between 

0.02 TeV-0.5 TeV will dramatically increase the sensitivity for probing the epoch of galaxy 
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Figure 41. Markarian 421 data from EGRET and Whipple, compared with the various 
EBL models from Ref. 59. Markarian 421 has a z = 0.031; the figure also shows a 
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- 190 

formation. Ground-based instruments are hoping to drop their thresholds to the 0.1 TeV region. 

A much more sensitive space-based instrument than EGRET is needed to probe this interesting 

energy regime, which is the topic of the next section. 

Sc. A Future High-Energy Gamma-Ray Mission 

Recent results from EGRET have generated strong interest in space based high-energy (£„ > 

10 MeV) gamma-ray astronomy. This science has whetted our curiosity of what might be 

observed with an instrument having considerably more capability than EGRET, if such a device 

were practical in our fiscally difficult times. 

Advances in silicon technology over the past decade, and the resulting rapid drop in 

costs, encourage the development of a dramatically new type of high-energy gamma-ray space 

telescope based on silicon strip technology. The GLAST team60 (GLAST stands for Gamma-ray 

Large Area Space Telescope) has been working for the past three years on the design of such an 

instrument and on the development of the silicon strip hardware and readout electronics needed 

to realize our design.61 Figure 42 shows an artist's concept of our current instrument design, 

including the spacecraft. As in previous high-energy instruments, GLAST is a pair spectrometer 

backed by a total absorption electromagnetic shower counter. Measurement of the energy and 

direction of the induced electromagnetic shower provides information about the energy and 

direction of the incident gamma-ray. However, due to the flexibility and relatively low cost of 

the silicon strip technology, the telescope has about a factor of ten increase in effective area over 

EGRET, and about a factor of five increase in field of view. The size of GLAST is roughly 2 x 

2 x 0.5 m. At the same time, the GLAST design is calculated to have much better point source 

sensitivity and to have an energy range of 10 MeV < E r < 300 GeV. Due to the economies of 

silicon technology, along with weight and size savings compared to gas-based detector 

technology, we estimate that this instrument can be built and flown as a Delta II mission. Thus, 

GLAST would easily fit into the NASA intermediate mission category (< $500 million). 

The GLAST design, a practice in modem particle physics detector technology, consists of 

three elements: (1) a segmented charged particle anticoincidence shield (which could be made 
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array making up the detector. The arrow in the figure points to a blowup of one 
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GLAST instrument is roughly 2 x 2 m by 0.5 m deep. Modern particle physics 
detector technology is central to the GLAST design, which includes a silicon 
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from silicon strip detectors or scintillators); (2) a gamma-ray tracker/converter, consisting often 

thin sheets of high-Z converter material (currently 0.05 radiation lengths) interspersed with ten 

layers of silicon strip detectors for particle tracking, with an additional two layers of silicon strip 

detectors backing the converter layers to allow good tracking of the photons converted in the last 

converter layers; and (3) a segmented ten-radiation-length Csl calorimeter to provide good 

energy resolution at high energies. The GLAST detector is modular (a single GLAST tower is 

shown by the arrow in Fig. 42), consisting of a 7 x 7 array of towers, with each tower containing 

elements of the anticoincidence shield, the tracker/converter stack, and the calorimeter. The 

single tower shows, along with the tracker/converter, the Csl calorimeter. The design details of 

the calorimeter, as well as other aspects of the detector, are still in development. The GLAST 

design has many technical benefits, including no consumables, all relatively low voltages, 

modularity, essentially deadtimeless operation, modem low cost, and robust and long-lived 

technology. It also has its design challenges, including a large channel count of more than 106 

channels, and on-board computing requirements for the real-time trigger. 

Figure 43(a) shows an EGRET all-sky map on which is superimposed the Monte Carlo 

calculation of the GLAST field of view and the actual EGRET field of view. A dramatic 

improvement is evident from EGRET to GLAST (Monte Carlo). Figure 43(b) shows the single 

photon projected angle vs. energy for GLAST (Monte Carlo), EGRET. Figure 43(c) shows the 

effective area of GLAST (Monte Carlo), EGRET. The flat high-energy acceptance of GLAST, to 

300 GeV, is achieved by eliminating the veto of good 7 events from their charged particle 

"backsplash." This effect is what limits the high-energy acceptance of EGRET due to its 

monolithic veto "dome." 

As mentioned previously, the Whipple Observatory has cooperated with the CGRO team 

and others in coordinating space-based and ground-based observations of high-energy gamma 

rays. The GLAST collaboration hopes to expand this activity to a worldwide scale when GLAST 

is in orbit. The major mode of GLAST observations will be in the zenith (always pointing out 

from the earth along the zenith) scanning mode (some pointed observations may also be made). 

In this mode, GLAST will scan most of the sky many times per day. If a transient of interest 
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Figure 43. (a) The EGRET all-sky map on which is superimposed the Monte Carlo 
calculation of the GLAST field of view and the actual EGRET field of view. A dramatic 
improvement is evident from EGRET to GLAST (Monte Carlo), (b) The single photon 
projected angle vs. energy for GLAST (Monte Carlo) and EGRET, (c) The effective area of 
GLAST (Monte Carlo) and EGRET. The flat high energy acceptance of GLAST, to 
300 GeV, is achieved by eliminating the veto of good y events from their charged particle 
"backsplash." This effect is what limits the high energy acceptance of EGRET due to its 
monolithic veto "dome." 

should be observed, earth-based observation stations will be contacted very quickly. Figure 44 

demonstrates how this might work.62 Figure 44(a) shows the GLAST uncorrected point spread 

function obtained with a 1/E2 input photon spectrum for ET > 100 MeV. We assume such an 

energy dependence for Mkn 421 within the GLAST energy range. As Fig. 44(a) shows, 68% of 

the photons are contained within about 2.5° (half angle). Figure 44(b) shows a simulated flare of 

Mkn 421 consistent with past flares. As the figure shows, a 3a effect for the source flare is seen 

within one day by GLAST. Figure 44(c) shows the simulated flare spectrum as observed in 

GLAST. This spectrum includes events from about day 1.5 to day 5. There is useful information 

in this spectrum to about 10 GeV. If quickly brought on line, the ground-based instruments 

should be able to obtain useful information from about 100 GeV upwards to a few TeV. Note 

that an extended observation (e.g., one year in antinadir pointing mode) by GLAST of this 

source, assuming the source is not flaring during this time, should yield ~ 5 events for E r > 

100 GeV, assuming the same 1/E2 spectrum as in Fig. 44(c). 

6. Conclusions 

Figure 45 whimsically illustrates the object of our quest.63 "What is involved is not just the 

investigation of yet another, even if extremely remarkable, celestial body, but a test of the 

correctness of our understanding of the properties of space and time in extremely strong 

gravitational fields."2 
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8. Appendices 

Appendix A. Introduction to Wavelet Methods64 

One of the features of the luminosity time series from most x-ray sources, including both the 

BHC's and neutron star accretion sources such as the low-mass x-ray binaries (LMXBs), is the 

presence of fluctuations on timescales that span a large range. Indeed, fluctuations are seen from 

the shortest timescales permitted by the observational time resolution, up to the longest time 

intervals over which the data are obtained (up to tens of hours of continuous exposure, or the 

much longer intervals corresponding to the history of x-ray astronomy as an observational 

science). Hence, we really have limits only on the total extent of the range of timescales. The 

techniques of multiresolution analysis, and especially the special case of wavelets, are perfect 

tools for studying such data, as well as for representing solutions to the physical equations 

describing the dynamical evolution of the accretion process. This is because a wavelet basis 

forms a hierarchy of scales, with each scale level differing from its neighbors by factors of two. 

In particular, given a specific choice for the mother wavelet y/ft), the basis comprises this set of 

functions 

V,j(f) = 2 'y/(S.-l),s = 0,1 N-l; I = 0, 2s*' (2N-?+') , (A-1) 

where j is the scale index, I is the location index, and 2s is the number of data points analyzed by 

the wavelet transformations. Note that the width of the function ysj(t) is proportional to 2s; in 

data analysis applications, the scale index 5 varies over a range of values so that the shortest scale 

is on the order of the interval between samples, and the longest scale is on the order of the total 

interval over which the data is sampled. The mother wavelet also satisfies, 

jV(/)<// = 0, and jw2(.t)dt =1 . (A-2) 

Figure A-1 shows an example of a wavelet basis illustrating the s, I indexing, and the Haar 

wavelet. In this case, the mother wavelet is given by 
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The representation of data, or of a function, as a linear superposition of the functions in the 

wavelet basis, takes the form 

*(') = IC,,V,y(0, (A-4) 
s.l 

where the 

C„ = <X{t),w,j (/)> = \X(tWSJ{t)dt = £ A > „ ( H ) , (A-5) 

are the wavelet coefficients of X(t) with respect to the wavelets %.i(t). Wavelet coefficients 

answer the question, "How much does X(t) wiggle at location / and at scale s?" 

There are several key points. First, the wavelets are localized functions. They are nonzero 

only over a finite subrange of the total time interval over which the observations extend. This 

allows easy representation of localized features—jumps, discontinuities, or bumps in the data. 

This should be compared against using Fourier components, where local features require the 

superposition and delicate cancellation of the completely global basis functions. 

Second, the scales of the wavelets extend over the complete range—from the smallest 

scale (the sampling interval) to the largest (the sample range), and they do so in a convenient 

time-scale hierarchy in which the levels differ by a factor of two. Wavelets are thus perfect for 

representing data (or functions) that are self-similar (sometimes called scaling or fractal). This 



multiscale feature can be achieved in Fourier representations by using a logarithmic frequency 

scale—but the weighting that wavelets naturally apply to the levels in their dyadic hierarchy 

often turns out to be more suitable to the signal-to-noise present in the time series data. 

Finally, there is a simple relationship between the size of the wavelet coefficients and the 

smoothness of the function they represent through Eq. (A-4). Basically, if you diminish the 

absolute value of some of the wavelet coefficients, you are guaranteed that the resulting function 

X(t) will be smoother than it was. (The relationship between smoothness and the size of the 

expansion coefficients does not hold in Fourier analysis.) The practical result of this is a 

cornucopia of denoising and smoothing algorithms based on truncation or "shrinkage" of the 

wavelet coefficients.65 A denoising procedure is a way of correcting data for the presence of 

noise of a known or assumed character. Wavelet denoising methods are particularly good at 

removing noise without smoothing out edges, bumps, or other localized features in the data. 

A simple tool that has proven useful in analyzing stochastic data from x-ray source^6 is 

the wavelet analog of the power spectrum, sometimes called the scalegram. If the Ct,i are the 

wavelet coefficients of some discrete data X m defined as in Eq. (A-5), then the scalegram of 

these data is defined to be 

where N, = 2N'S'' are the number of wavelet coefficients at scale s, and where the /-sum is over 

the allowed values at scale s. 

The scalegram can be easily corrected for the Poisson noise present in x-ray data, as in 

any photon-counting data. A simple computation shows that the scalegram of time series data 

subject to an additive normally distributed observational noise of variance cR (usually zero in x-

ray astronomy), plus Poisson noise (due to the statistics of counting a finite number of photons), 

satisfies 
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< K ^ ( S ) > = r J r ~ ( S ) + X ^ r ^ ( » ) + C T R , (A-7) 
2" 

where H/n) depends on the wavelet used and is just 1/2N (independent of both n and j) for the 

Haar wavelet. Also, for most cases, A™, can be replaced by X*'„ in the second term on the right 

of Eq. (A-7). Thus, the scalegram of x-ray data can be corrected for counting statistics simply by 

subtracting the mean count rate (Haar wavelet). Further, the scalegram can be evaluated for time 

series data that are arbitrarily spaced in time, including point process data (e.g., for such data as 

the arrival times of individual photons). 

Putting all of these features together, the scalegram and related tools seem to be very 

well-suited for studying fluctuations of x-ray sources on the shortest possible timescales. This is 

the kind of information that is needed for the identification and characterization of black hole 

accretion. A discussion of the use of wavelets to analyze HEAO data on Cygnus X-1 for this 

very signature can be found in the Snowmass '94, G2 working group proceedings.31 

Appendix B. A Table of Black Hole Candidates67 

Table B-l contains a list of BHC that are contained in x-ray binary systems. In cases where a 

mass determination (Mass Function) for the system has been obtained, it is included in the table. 

The BHC without mass solutions are based on x-ray spectrum signatures that are discussed in 

Sec. 4a. 
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HMXB 

see [4] & (5) 37.6 (H) 
36.7 (L) 

(<10keV) 

-2 .5 0.24±0.01 
Mx>7 

Mx«16±5 

09.7 lab 
V-9 

5.6d 294 i 
X&Opt 

NOT confu
ted with 
H/L state 

transition 

ultras + high-en.pLtail 
(H)(rare) 

hard pLspectrum (L) 
(common) 

pLind.- 1.5-2.22 
(>20keV) 

up to 
-MeV 

-0.04 radio 
IR 
UV 

2000 + 251 
QZVul 

Nova Vulpoc. 
[1988] 

LMXB 
T 

-6.5 to 
<- l l .2 

(1 to 40 keV) 

38.2 to <33.4 
( lto40keV) 

- 2 early K 
dwarf 

V-I6-
>2i 

-8.3 h ultra + high-en.pl. with 
ind. 1.9-2.5 up to 300 

keV 
12/16 appr. single pi 

with ind.l.7±0.1 

up to 
>100keV 

radio 

2023+338 
V404 Cyg 

11989) 

LMXB 
RT 

-5.9 to -9.4 
(lto40VeV) 

39.3 to 35.8 
(Uo40VeV) 

-3.5 6.26 ±0.31 
Mx-8-12 
Mx>5.3 

KOIV 
V-12-21 

6.47 d pLwith ind.=-13-1.6 
up to 300 keV 

up to 
>100 keV 

radio 

I 

I 

Source 

[11 

Type 

(21 

Log (Flux) 
(erg/cm' sec)' 

(3) 

Log (Lum) 
(ergs.) 

[41 

D l s t . 
(kpc) 

[51 

Mass Funct 
( s o l . mass ) 

(61 

Optical 

171 

Orb. 
Period 

181 

Long 
Period 

[91 

X-ray Spectrum 

[101 

Detect ion 
> 5 0 keV 

f i l l 

QPO frcq. 
>0 .04 ( H i ) 

[121 

Other 
Wuvi-I. 

[131 
LMCX-3 
0538-641 

HMXB -9.0 (max) 
(1-10 keV) 

38.5 (max) 
(1-10 keV) 

-50 2.3±0.3 
Mx>7 

B3V 
V-I7 

1.70 d 198 d* 
X&Opt 

ultras + bigh-en.pl.tail 
pl.ind.2.2±0.1 

1R 
UV 

LMCX-1 
0540-697 

HMXB -9.2 (max) 
(1-lOkeV) 

38.3 (max) 
(l-10kV) 

-50 0.14±0.05 
Mx>2.6 
Mx-6 

07-9 III 
V-14.5 

4.22 d ultras + high-en pUail 
pLind.23±0.1 

0.075 UV 

0620-003 
V616 Mon 

[19751 

LMXB 
RT 

-5.9 to <-!2.2 
(1-6 keV) 

38.1 to <32.0 
(1-6 keV) 

-0.9 3.18±0.16 
Mx>7.3 

K5V 
V-12-18 

7.75 h ultras: no evidence for 
high-en. tail >30 keV 

radio 
IR 
UV 

1124-684 
Nova 

Muscae 
[1991] 

LMXB 
T 

-6.6to<-11.0 
(1-6 keV) 

38.4 to <33.0 
(1-6 keV) 

- 3 3.1±0.4 
Mx>3.1 

KOV-K4V 
B-13-21 

10.4 h Jan-May "91 ultras + 
hard pLwith ind.2.6-2.2 
June-Sept '91 single pL 

with ind. 1.5-1.8 
positron annihil. line 

up to 
-600 keV 

3-10 radio 
UV 

1354-645 
[19871 

LMXB 
T 

-8.5 (peak) 
(1-10 keV) 

V-17 ultrasoft with high-en.pl. 
tail; pL'ind.s 2.1 

1524-617 
TrAX-I 

LMXB 
RT 

-7.9 (peak) 
(3-« keV) 

B-17-
>19.5 

ultrasoft high-en. tail 
(1990) 

up to 
-100 keV? 

1543-475 LMXB 
RT 

-7.0W <-I1.3 
(2-6 VeV) 

37.7 to <33.4 
(2-6 keV) 

- 4 Al-2 V» 
V . 15-17 

ultras, low-en. pUnd. 
=4-5 (1983) 

hi-en.pl.ind.2-3 (1992) 

UV 

1630-472 LMXB 
RT 

-7.6 lo -9.5 
(1-50 keV) 

soft + high-en. pL tail 
(1984) 

with index - 2.5-1.0 
0X339-4 
1659-487 
V82I Ara 

LMXB 
RT* 

37.3 to 38.0 (H) 
37.3 to 35.3 (L) 

<35.3 (Off) 
(1-20 keV) 

- 4 
assumed 

V -15.4-
>20 

14.8 h ultras + high-en. pLtail 
(H) 

pLind.-2.S 
hard pLspeclrum 

(L&OfO pLind.-1.7 

up to 
-400 keV 

0.05, 0.1 X. L 
0.8 X. L 
0.05 O. L 

-0.13 O. L 
6X.H 

IR 
UV 

1705-250 
Nova 

Ophiuchi 
[19771 

LMXB 
T 

-7.3 to -8.0 (H) 
-8.0 to 10.0 (L) 

<-10.0 (Off) 
(1-20 keV) 

B -16.5 -
>21 

soft,kT-3keV(2-18 
keV) 

pLwith ind. 
- Z7 (2-120 keV) 

•6.9 (peak) 
(2-18 keV) 

* 198d (or possible 99d) period probably associated with processing disk 
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1 Introduction 
Other lecturers at this school1"3 have discussed some of the many cosmological 
and astrophysical issues associated with dark matter. My charge is to explain the 
possible implications for particle physics. 

Of course, the most exciting possible implication is that some or all of the dark 
matter is composed of a species of an elementary particle which has not yet been 
discovered in the laboratory. What might this particle be? What properties must 
it have in order to be (some or all of) the dark matter? What implications do these 
properties have for astrophysics? Cosmology? Laboratory particle physics? We 
will discuss these issues, but one must keep in mind that this is a vast subject4 and 
we cannot possibly cover it all. Also, since full and detailed analyses are generally 
widely available already,5'6 I will concentrate on developing and explaining the 
qualitative picture with easy-to-understand, "rule of thumb" estimates. 

If an elementary particle is to comprise (some or all of) the dark matter, it 
must have a few obvious properties. First of all, the average total mass density 
must have the right value, corresponding to 

0 . 0 5 & l - f i D M < n B ) (1) 

where we have defined the mass density of dark matter PDM in units of the crit
ical density Q D M = /JDM/P«U and the mass density of baryons (that is, ordinary 
matter) in units of the critical density fie = PB/paU- The critical density is given 
in terms of Newton's constant and the present value of the Hubble parameter by 
pcrit = 3H$/8TTG. Defining h = #o/(100kms - 1 Mpc - 1 ), where one megaparsec is 
3.086 x 10 1 9km, we have 

/9 c r i t = 1.879 x l 0 - 2 9 / i 2 g c m - 3 

= 1.054 x l 0 " 5 / i 2 GeV cm" 3 

= 2.775 x lO- 7 /» 2 JW 0 pc- 3 , (2) 

where JW© = 1.116 x 1057GeV is the mass of the sun. From here on, we will (usu
ally) use the standard units of particle physics, setting c = 2.998 x 10 l ocm/s = 1, 
He = 1.973 x 10 _ , 4GeVcm = 1, and *BoiumM,n = 8 - 6 1 7 * 10_5eV/Kelvin = 1. 
Newton's constant can then be expressed as G = 1/Mp{ with M?\ = 1.221 x 10 1 9 GeV. 
Secondly, our candidate DM particles must not be disappearing as we speak; thus 
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the particle's lifetime (if it is not absolutely stable) must be at least comparable 
to the age of the universe. 

Having made these two simple observations, we can begin to talk about the 
properties of our hypothetical new elementary particle. I find it useful to catego
rize candidate particles according to four dichotomies: 

Hot vs. Cold 

Thermal vs. Nonthermal 

Easy vs. Hard to detect 

Expected vs. Unexpected 

Let us discuss each of these in turn. 
The first, hot vs. cold, is an astrophysical classification that has been discussed 

by other lecturers.2,3 It refers to whether the dark matter particles are relativistic 
("hot") or nonrelativistic ("cold") at the time that galaxy-sized fluctuations first 
came within the horizon. For completeness, I will explain this briefly here. 

The size of the horizon £h o r at time t is given roughly by £hor(<) ~ l/H(t), 
where H(<) is the value of the Hubble parameter at time t (see Mike Turner's 
lectures3 for more details). According to Einstein's equations, if the universe is at 
critical density (fi = 1), then H2(t) = 8jrGp(r-)/3, wherej»is the total mass-energy 
density. For a universe whose mass-energy density is dominated by relativistic par
ticles in thermal equilibrium, p(f) = aT4(t), where T(t) is the temperature at time 
t, and a is a constant of order one (in units with h = c = fcBoitzmann) that depends 
on the number of species of particles in equilibrium. Thus, Lhot(t) ~ G~1''2r~2(<). 
Now, if the dark matter particles are in thermal equilibrium (see the discussion 
of thermal vs. nonthermal below), then they become nonrelativistic when the 
temperature drops below the mass m of one dark matter particle (kaT £ m<?). 
So the dark matter particles are relativistic when the horizon is smaller than 
~ G - l / , 2 m - 2 , and nonrelativistic when the horizon is larger than ~ G~^2m~2. 
This is important because relativistic particles will not clump gravitationally; a 
positive density fluctuation will dissipate or "free stream" away. Also, fluctuations 
which are bigger than the horizon cannot begin to collapse, because this is for
bidden by causality. Thus, clumps which are smaller than ~ G~^2m~2 dissipate, 
and only larger clumps can collapse. To see how big G~l^2m~2 is, we must first 
remember that this is the instantaneous size of the horizon when T ~ m, and the 



universe has grown since then by a factor of T/To ~ m/To, where T0 = 2.75 K is 
the present microwave background temperature. Thus, the relevant length scale 
is 

G ' / 2 r 0

, / 2 m 

~ ( 1 5 M P c ) ( ^ ) , (3) 

where I have restored appropriate numerical factors in the last line. We see that 
light neutrinos (m ;£ 100 eV) produce minimum fluctuations of a size measured 
in megaparsecs, much bigger than a galaxy (a few kiloparsecs). Instead, we need 
a dark matter particle mass of a few keV in order to have produced galaxy-sized 
fluctuations. Thus, for dark matter particles which were once in thermal equilib
rium, a mass of a few keV is the dividing line between "cold" dark matter (which 
can produce galaxy-sized fluctuations) and "hot" dark matter (which can only 
produce fluctuations much larger than galaxies). 

What if the particles were not in thermal equilibrium? This brings us to the 
next dichotomy, thermal vs. nonthermal. A "thermal" dark matter particle is one 
which was once in thermal equilibrium with the rest of the matter and radiation 
in the hot universe. Any particle which is not extremely weakly coupled will fulfill 
this condition. However, it is possible to invent particles which are sufficiently 
weakly coupled to avoid it ("invisible" axions are the best-known example). In 
this case, the conclusion that a dark matter particle must weigh more than a few 
keV does not apply, and we must consider the detailed history of the dark matter 
particles. On the other hand, for thermal dark matter, all we need to be able to 
do is compute the annihilation cross section of two dark matter particles; then we 
can use the Boltzmann equation to calculate their abundance today. This fact, 
known and used for 30 years,7'8 is a key ingredient in understanding thermal dark 
matter and constraining its properties. 

The third dichotomy, easy vs. hard to detect, is one which is more sociological 
than physical. We would like to discover the nature of the dark matter particles 
experimentally. This may be impossible for the foreseeable future: there is no 
argument against the depressing possibility that the dark matter particle's in
teractions with ordinary matter are solely gravitational, or otherwise simply too 
weak for any known or foreseeable detection methods. Alas, this is not all that 
unlikely: ordinary neutrinos, endowed with small masses, make an excellent can-
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didate for at least some of the dark matter, and no one has ever thought of a 
way to detect these neutrinos directly. Of course, in this case, the mass of the 
neutrino(s) can potentially be inferred from other experiments, solar physics, etc., 
and then (since neutrinos are thermal particles) we can compute their relic mass 
density. Axions are another candidate for dark matter, and their interactions are 
even weaker than neutrinos; in this case, however, clever detection schemes (which 
take advantage of coherent effects) can be used.9 This points to the need for more 
serious thought about novel detection schemes, in particular, anything which can 
take advantage of purely gravitational effects. 

More optimistically though, many proposed dark matter candidates are de
tectable with present or foreseeable technology,10 and many experiments are al
ready proceeding. That they may succeed is an exciting possibility. In discussing 
dark matter candidates then, it is important to note whether they are "easy" to 
detect (by which I really mean "possible") or "hard" to detect (by which I really 
mean "impossible" by presently known methods). 

This leads us to the last dichotomy, "expected" vs. "unexpected." A great 
many hypothetical particles have been proposed as dark matter candidates. The 
existence of some of these had already been suggested for other reasons, and this 
gives them an added air of plausibility. However, we do not really know what the 
underlying great principles of particle physics are. Thus, the popular dark matter 
candidates reflect current theoretical prejudice, but theoretical prejudice has been 
wrong before and undoubtedly will be again at some times in the future. Is this one 
of those times? Of course, this is an unanswerable question. Thus, while current 
direct-search experiments concentrate primarily on the expected candidates, we 
must always be on the lookout for unexpected ones. In practice, this means doing 
experiments which can expand the bounds on mass and interaction cross section 
(with some target material), irrespective of whether or not we have dreamed up 
any particle which is within these bounds. Of course, no one is going to mount 
a difficult, expensive, time-consuming experiment for a marginal improvement on 
current bounds if there is not presently a good reason for suspecting a particle 
lurking just outside these bounds. What is really needed are as many ideas as 
possible for novel search techniques which can expand present bounds, even if this 
expansion is in a currently unfashionable direction. 



2 Thermal Relics 
In this section, I will review the basic formalism for calculating the mass density of 
a stable particle, given its annihilation cross section. Many excellent presentations 
of the details of this are already available, and therefore, I will concentrate on 
qualitative features and rule-of-thumb results. 

If everything was in thermal equilibrium at temperature T, the number of 
type-i particles with momentum in a range of d3p about <p would be fP (ip)d?p, where 

fTto) = {exP[(¥>2 + m?)"7r ] - e,-}-1 , (4) 

where m; is the mass of a type-z' particle, and e,- = +1 if type-i particles are 
bosons and e,- = —1 if type-z particles are fermions. Here, "type" means all 
distinguishing characteristics except momentum and energy; thus, for example, 
there are two types of photons (one for each helicity), four types of electrons and 
positrons, and six types of neutrinos. The total mass-energy density in type-i 
particles is then 

/>r = / ( 0 r % ) ( Y > 2 + m?) 1 / 2. (5) 
The contribution to the total entropy density of type-i particles is 

d3p 
< • - - / (27T) 

, / • % ) In/*(»>). (6) 

These formulas simplify considerably in either the extreme relativistic (T » m,-) 
or extreme nonrelativistic (T <S m,-) limits. In the former case, we have 

*"S(i): )T4 for T-»mi (7) 

and 

•?~-m T3 for T^rm, (8) 

where the upper (lower) number is for bosons (fermions), while in the latter we 
get 

pf ~(2wm,r) 3 / 2 exp(-m,/T) for T<&mi (9) 

and 
s f ^ O for T<mit (10) 

where we really mean that s f is small enough to ignore in all cases of interest. 
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The total mass-energy density in all particle types is p = £,• p,-, and the total 
entropy density is s = £ i «.•• Entropy is conserved in all cases which will be of 
interest to us; what docs this mean? In a homogeneous, isotropic, expanding 
universe, all lengths must be multiplied by the "scale factor" R(t). Thus, the 
entropy in a particular volume V is constant, but we consider V itself to change 
with time; if we use a subscript zero to denote quantities at the present time, and 
take R(t0) = 1, then V(t) = R3(t)V0, and so s(t) = s0/R3(t). Therefore, during 
a time period for which there is no change in the number of relativistic particle 
types (i.e., the temperature is never comparable to the mass of any particle type), 
we see from Eq. (8) that T oc l/R(t). To find R(t), we need Einstein's equation: 

(R/R)2 = (8rr/3)Gp , (11) 

where the dot denotes d/dt as usual. Again, if the temperature is never near the 
mass of any particle, and if the mass-energy is dominated by the contributions of 
relativistic particles in thermal equilibrium ("radiation dominated"), then we can 
combine T oc 1/R{t) with Eq. (7) to get 

(t/T)2 = (47r3/45)ArsT7M|, , (12) 

where Ns = JVB + |iVF; NB is the number of boson particle types which are 
- relativistic-at temperature T (e.g., iVB = 2 for photons), and Np is the number 

of fermion particle types which are relativistic at temperature T (e.g., N? = 4 for 
electrons and positrons when T S> mc, 7VF = 6 for three families of neutrinos). 
The solution to Eq. (12) is 

T{t) = (45/167r 3 ) 1 / 4 ^ s - 1 / 4 M^ 2 t- 1 / 2 , (13) 

so the temperature drops like the inverse square root of the time. 
Now we need to find out what happens when equilibrium conditions are not 

maintained. The particles will drop out of equilibrium if the reaction rates are 
not fast enough to maintain it. Thus, the actual distribution of momentum fi(fi) 
will not be / f (y>). In all situations which will be of interest to us though, fi(<p) 
retains the same functional form and only changes by an overall constant. This 
is because it is always the case that there are still reactions which redistribute 
energy among the type-i particles, even though the reactions which change the 
total number of type-i particles have become too slow to be effective. 



This is governed by a form of the Boltzmann equation, heuristically derived 
as follows. Let 

n. = /d 3 p / . (p ) (14) 

be the number density of type-t particles. The number of particles in an expanding 
volume of size R3, where R is the time-dependent scale factor, is niR3. If there 
are no microscopic processes changing the number of type-j particles, then Ni 
remains constant. However, if type-t particles can annihilate with type-j particles 
(and note that wc are not excluding the possibility that j = i), and we know the 
cross section oyy for this process, then we can write a schematic equation 

—(n,-iZ3) = — (n,-.R3) 2 "ti-Fj + inverse process , (15) 
dt j 

where Fj is the flux of type-j particles into the region of volume R3. This flux 
is simply n,-vy, where vy is the velocity of the type-j particle in the frame of 
the type-i particle with which it is colliding. The right-hand side of Eq. (13) 
must be averaged over the momentum distribution of each of the two incoming 
particles; this distribution is assumed to be thermal with temperature T. The 
inverse process must also be included and must result in zero on the right-hand 
side if n; = nf. All of this gives us 

jt(ntR3) = - ZiawWws ~ nPnf) . (16) 

where (.. ,)T denotes appropriate thermal averaging for temperature T. 
We can now combine Eqs. (11), (16), and the constancy of the entropy in an 

expanding volume, to get 

d fm\ MPI / s' N v (ninj n?n?\ 

where a prime denotes a derivative with respect to temperature: s' = ds/dT. If 
T is not near the mass of any particle, we can apply Eqs. (7)-(10) to get 

;H£)">-
That is, s ' /P 1 ' 2 ' s constant when the temperature is far from any mass thresholds. 
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Equation (17) can be analyzed heuristically as follows. We begin at high 
temperatures, assuming that n,- = nf. Then, as long as 

the differential equation is "stiff," and we will have nj a n'q. Eventually, however, 
the condition expressed in Eq. (19) will cease to bold, and n* will not drop as fast 
as nf. The temperature where this occurs [for some precise definition of "cease 
to hold," such as equality of the left and right sides of Eq. (19)] is called the 
freeze-out temperature. Below the freeze-out temperature, the evolution of n,- is 
governed approximately by Eq. (17), but with the second term on the right-hand 
side dropped (since n; S> nf) . 

Let us consider Eq. (17) in a little more detail. First, consider the case where 
the particle in question is relativistic at the freeze-out temperature. (This is the 
case for ordinary neutrinos with masses less than a few keV.) For relativistic 
bosons (fermions), we have 

**%«($ (20) 

where JVj is the number of spin states of the particle in question, and £(x) is the 
Riemann zeta function. Combining this with Eq. (8), we get 

4 5 C < 3 ) i | ( J ) , (21) s 2ir* Ns 

which is independent of T. Hence, the condition in Eq. (19) is automatically 
satisfied. Thus, we have n,- = n; q until we cross a mass threshold; during such a 
crossing, Eq. (19) might cease to hold. Then, n,-/s will not be able to follow ti^/s, 
and instead will remain "stuck" at the value that n f / s had before the threshold. 
Let us see how this works for the case of ordinary neutrinos. For neutrinos, the 
dominant processes entering Eq. (17) are the "neutral-current" processes t/,-P,- -> 
e +e~, V{€~ -» uie~, etc. (with cross sections (av)r ~ CjpT2, where Gp is the 
Fermi constant), and for electron-neutrinos only, the "charged-current" processes 
vp -> e + n, etc. (with cross sections (<TV)T ~ GpmpT, where mp is the proton 
mass). Equation (19) fails when the temperature drops past the electron-positron 
mass mc. Before crossing this threshold, we have NB = 2 for photons and JVp = 10 
for electrons, positrons, and neutrinos. For each species of neutrino, JVj = 2 



in Eq. (21), and of course, we use the factor of | ; this gives n„/s = 555 for 
each species of neutrino. Then, after freeze-out, this number is fixed at this 
value right up to the present. So, to get the present number density of each 
species of neutrino, we must compute the entropy density s today. This is given 
by Eq. (8), summed over particle types which are present in significant numbers 
today: photons and neutrinos. One complication, though, is that these no longer 
have the same temperature. The entropy of neutrinos alone is conserved after 
they freeze-out. Then entropy of photons, electrons, and positrons is separately 
conserved, since there are no longer effective interactions with neutrinos. Thus, 
when electrons and positrons annihilate (to photons, and not to neutrinos), the 
photons get all of the entropy of the electrons and positrons. Before annihilation, 
this entropy is 

^ - 7 = ^ ( ^ 4 + 2 ) ^ , (22) 

where T„ is the temperature of the neutrinos, the electrons and positrons, and the 
photons; after annihilation, this entropy is 

2 T T 2 

s 7 = ~ ( 2 ) 7 ? , (23) 

where T 7 is the new temperature of the photons. Setting s,.+e-7 = s T, we find 
T„/Ty = (4 / l l ) 1 / 3 . Now, the photon temperature is T^ = T0 = 2.73 K. Thus, the 
total entropy today is 

so 
2TT2 / 7 „ 4 \ „,. 

" 46-( 2 + 8 ' 8 - u ) ^ 
= 1.71 T7

3 

= 2970 cm - 3 . (24) 

This gives us, for each species of neutrino today, 

2970 cm" 3 , , c _, / n E . 
n "° = — 2 5 8 — = C m ^ ^ 

If we assume a mass m„ for a particular neutrino species, this species contributes 
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n„ = 
= 0.56 

Peril 
m„7ff 

~ (92eV)/i2 K ' 

to the present mass density of the universe. 
Let us now turn our attention to more hypothetical particles, stable (or nearly 

so) particles which are nonrelativistic at the time of freeze-out. The nonrelativistic 
analog of Eq. (20) for particles of mass m with Ni spin states is 

n f ~ Ni{mT/2ir)3'2e-m/T , (27) 

for either bosons or fermions, and so 

n f 45 1 Ni K ? ) ^ - (28) s 2JT2 (2TT)3/2 NS 

We assume that the only process which can change the numbers of our stable 
particle is self-annihilation (and its inverse), so that j = t in Eq. (17). The freeze-
out condition [equality of the left and right sides of Eq. (19)] then gives 

xtte\p(x(r) = ^ — J ^ - ^ - J MV\m{av)s, , (29) 

where (ov)(, is the thermally averaged annihilation cross section at the freeze-out 
temperature, Nsu is the number of relativistic particle types at the freeze-out 
temperature (with fermions counting g), and we have defined 

*fr = s r • 30 

If we now suppose that {crv)T is independent of temperature (usually a good first 
approximation for nonrelativistic particles), then the solution of Eq. (29) is 

i f r = l n i ? f r - - l n l n i ? f r + . . . , (31) 

where Ru is the right-hand side of Eq. (29). So to get an approximate solution 
to Eq. (17), we assume that n,- = n f until T = 7fr, and then afterward, that 
Eq. (17) holds with the second term on the right-hand side set to zero (since n,- is 



^ = 7 ^ k ( ^ ) f t W r f - (33) 

increasingly larger than nf) . This modified form of Eq. (19) can be integrated to 
give 

(£) =0) + JW rr,-T 0), (32) 
where K{, is the coefficient on the right-hand side of Eq. (17), evaluated at the 
freeze-out temperature: 

(24JT)»/2 

In Eq. (32), To can be neglected compared to 2},, and (s/n;)fr compared to (s/m)o, 
so we simply get 

n i = ^ k s o = ^ s ° ' (34) 

with Tfc given by Eq. (30); X{, depends only logarithmically on the particle's 
mass and annihilation cross section, and therefore, will not be very large or 
very small for any reasonable ranges of these parameters. We can now compute 
ft,- = mti{/pa\t. Since Eq. (34) tells us that n,- ~ 1/m, we obtain the surprising 
result that ft,- has no explicit dependence on the particle mass m: 

a, = 2 ^ 
/>crit 

U S

l / V ^ . ^ M f r 
/ xu \ 8 . 7 x l Q - " G e V - 2 

~ U S

1 / 2 J {<»>}«* (35) 
v s 

Thus, we see that a particle which is nonrelativistic at its freeze-out temperature, 
and has an annihilation cross section of order crw ~ M^H^/TQ ~ 10~ t 0 GeV"2, 
will contribute significantly to the mass of the universe. Amazingly, this value for 
av is in the range of what we expect for particles with masses of tens to hundreds 
of GeV, and couplings to ordinary particles of roughly the same size as electroweak 
gauge couplings. This is either a profound clue as to the nature of dark matter or 
a tantalizing false lead; time will tell. 

3 Nonthermal Relics 

A simple example of a nonthermal relic is an oscillating scalar field. In an ex
panding universe, a spatially uniform scalar field obeys the equation 

if 
£ + 3 ^ + m V = 0 , (36) 
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where a dot denotes a time derivative and m is the mass of the corresponding 
scalar particles. Given an initial value <pi of tp, tp remains frozen at this value until 
1 £, 1/m; then tp begins oscillating. The energy density stored in tp is 

p9 = \tj? + lmV, (37) 

and it follows from Eq. (36) that pv decreases from its initial value like 1/R3 ~ X 3, 
so that its energy density today is 

M c i m V ? ( | ) 3 , (38) 

where Xi is the temperature at the time ti given by <i = 1/m. Working out the 
numbers and dividing by p„;t gives11 

This formula assumes that m is constant. A more interesting case arises if m is 
temperature-dependent. At first glance, this does not seem possible, because if 
thermal effects were important, we would expect them to thermalize the scalar 
field. The axion, however, is a very special particle whose mass arises from QCD 
instanton effects, and these are altered by finite temperatures. Roughly, 

m„(X) ~ m^/T4 , (40) 

where m 0 is the axion mass at zero temperature, A is the QCD scale, and we have 
assumed T » A. In this case, we find, instead of Eq. (39), the very different 
formula12"14 

^ ~ ° - 3 ( w f t e v ) ( i b ^ v ) • <«> 
We will return to discuss axions more fully later. 

Another nonthermal relic particle is one which is prevented from annihilating 
completely by a conserved quantum number. This quantum number should cor
respond to a global (rather than a local or gauge) symmetry. In this case, it is 
possible for the universe as a whole to have a nonzero "charge." Then there would 
have to be some particles around today which carry this charge. The mass density 
of these particles would depend on the value of the charge of the universe. This 
is the explanation for the present mass density of baryons, except that we would 
like to go farther here; assume that the baryon number is not exactly conserved, 



and use the precise form of its nonconservation to compute the present baryon 
number density. The problem for new, hypothetical particles is that there are 
too many possible models, with no good way to choose among them. Thus, it is 
not possible to say anything at all about the expected value of the new quantum 
number in our universe. Nevertheless, this is a real possibility which cannot be 
dismissed. 

4 Unexpected Dark Matter Candidates 
Since an unexpected candidate is just that, they are hard to write about. Nev
ertheless, it is important to remember that surprise has been a constant in the 
history of physics, and dark matter may well provide another one. 

I classify a candidate dark matter particle as unexpected if it is not predicted 
by an extension of the Standard Model which seems necessary for other reasons. A 
simple example is the scalar phantom of Silveira and Zee.1 5 They suggested that a 
new real scalar field x t>e added to the Standard Model, and that a discrete global 
symmetry x ~* ~X be imposed. In this case, the only possible renormalizable 
interaction with any other field in the Standard Model is 

Ant = A*2tf»ff , (42) 

where H is the usual Higgs doublet of the Standard Model. The x -> — X sym
metry guarantees that the x particles are stable. If they are heavier than the 
Higgs boson, then two x's can annihilate into two Higgs bosons, with a cross 
section given roughly by av ~ X2/16rr2m^. We then get av ~ 10~10GeV""2 if 
mx ~ 8A TeV, which is not too unreasonable. Such a particle would be extremely 
hard to detect, either in an accelerator or as dark matter, and is certainly not 
ruled out experimentally. Furthermore, its existence cannot be excluded on the 
basis of any theoretical principles that we presently understand. 

Another unexpected dark matter candidate is a stable, electrically charged par
ticle. 1 6 ' 1 7 Such particles would be extremely easy to detect, and their nondetection 
so far could be explained only if they were extremely heavy, with a mass in excess 
of 10 TeV. Such particles would have a number of astrophysical consequences, 
however,18 ,19 the most serious of which appears to be that they would congregate 
in the centers of neutron stars, where they would form black holes that would 
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quickly destroy the neutron stars! 1 9 Stable charged particles are not, therefore, a 
currently viable candidate, but it was important to examine this possibility. 

Yet another unexpected candidate is a strongly interacting particle.20 We have 
seen that a heavy particle comes with about the right annihilation cross section 
if its interactions are of roughly electroweak strength. However, a more strongly 
interacting particle could be protected by the global-symmetry mechanism, and so 
must be considered. Restrictions on the allowed regions of the candidates' mass 
and scattering cross section (with different types of nuclear targets, depending 
mainly on whether the scattering is coherent or spin-dependent) can then be de
duced. Here, some of the direct detection experiments were able to reduce the 
allowed regions by some relatively simple reconfigurations.21 All such possibil
ities for exploring parameter space of possible dark-matter candidates must be 
explored. 

5 Expected Dark Mat ter Candidates 
A dark matter candidate must be stable or have a lifetime as long as the age 
of the universe. The list of known particles meeting this requirement is short: 
the photon, the graviton, the electron, and the lightest spin-j particle (which is 
probably, but not necessarily, one or more of the known neutrinos). They are 
all absolutely stable (we believe) for very good reasons: electromagnetic gauge 
invariance, general coordinate invariance, electric charge conservation, and angu
lar momentum conservation, respectively. It is very difficult to imagine that one 
or more of these hallowed principles is in error, and that one or more of these 
particles could therefore be unstable (but, of course, experimental limits must 
always be improved whenever possible). The last known particle which is stable 
or long-lived is the proton. There is no really good reason for this that we under
stand at present, certainly nothing comparable to an entry on our previous list. 
The best we can do for the proton is to note that, within the Standard Model, it 
is impossible to write down a renormalizable interaction which would allow it to 
decay. Any physics beyond the Standard Model, however, could result in proton 
decay. Such new physics would appear at some mass scale M, and we would then 
expect the proton decay amplitude to be inversely proportional to some (integer) 
power of M, most likely to JW - 1 (if proton decay is mediated by a new fermion 
of mass M) or to M~2 (if proton decay is mediated by a new boson of mass M); 



this leads to a decay rate proportional to m*/M2 or m*/M4, where the factors of 
m p come from phase space integrals, and we also need some coupling constants. 
Experimental limits on the proton lifetime lead to the conclusion that M must 
be very large, even if the interaction is boson mediated, unless there are some big 
extra suppression factors (from very small couplings, for example). The lesson I 
wish to draw for hypothetical particles is that a good way to make them long-lived 
is to arrange for their decay rates to be inversely proportional to some mass scale 
which is much larger than the mass of the particle in question. 

A good example of this is the axion. The axion is expected, nonthermal, cold, 
and potentially detectable—an ideal candidate. The axion is an oscillating scalar 
field, as discussed earlier, but its temperature-dependent mass leads to Eq. (41) 
for its relic density. Furthermore, the axion field a actually lives on a circle, and so 
must be periodically identified. (This circle is the "bottom of a wine bottle" in the 
potential for a complex scalar field.) The period of a is 2itf, where / is the "axion 
decay constant." In terms of / , the mass of the axion is m„ = '̂"̂ — f̂*-, 
where m u cs 4MeV and mj ~ 7MeV are quark masses, mx = 130 MeV is the 
pion mass, and fv = 93 MeV is the pion decay constant. Since the axion field is 
periodic, it is reasonable to say its initial value is a,- = f9{ with —n < 0t < n. 
Since / ~ l/ma, we then see from Eq. (41) that ftah? ~ 9?/ma. A refined estimate 
' 22 

I U » * 0.13 x 1 0 - , fHPOMeV)0-7 ,2 , / ! £ * * " • 
V. A Q C 0 / \ ma J 

so that we need m 0 ~ 10~5 eV, corresponding to / ~ 10 1 2 GeV. This large value of 
/ is what we want. The axion couples to ordinary particles, but all its couplings are 
suppressed by inverse powers of / . For example, the 077 interaction Lagrangian 
is 

£<m = gariaE-B , (44) 

in Heaviside-Lorentz units, with 2 3 , 2 4 

^ i K ! - 1 - 9 2 ) 1 (45) 

here a = 1/137 is the fine structure constant, E/N is a number characterizing the 
fermion content of the axion model, and 1.92 is a ratio of quark masses. Alas, in 
any theory where all fermions come in complete multiplets of SU(5) (as they do in 
the Standard Model), E/N = +8/3, and so there is an unfortunate cancellation. 

- 207 -

Still, if they comprise the dark matter, axions with E/N = +8/3 are in principle 
detectable. If we are lucky, and E/N—1.92 is bigger, they will be detected soon.9 

Another expected dark matter candidate is the lightest supersymmetric par
ticle, or LSP.2 5 Supersymmetry has been considered seriously for a number of 
reasons. It represents a profound extension of the symmetry structure of our 
fundamental theories; it helps to explain the discrepancy between the weak inter
action scale and much higher mass scales (of grand unification, quantum gravity, 
etc.); and it is part of string theory, the only self-consistent quantum theory in
corporating gravity. In supersymmetric theories, there is a new particle for every 
known one. However, in a supersymmetric version of the Standard Model, it 
is possible to write down renormalizable interactions which violate lepton and 
baryon number conservation. These must be forbidden in some way, most simply 
by imposing an extra discrete symmetry ("JZ-parity") which iZ-parity +1 to all 
known particles, and —1 to all new ones. This turns out to forbid all the new 
lepton and baryon number violating interactions. Of course, it also means that 
the lightest particle carrying R = — 1 must be stable, and hence, an excellent dark 
matter candidate. 

The LSP must have a mass of some tens to thousands of GeV, and so would cold 
dark matter. Since it must be electrically neutral and not have strong interactions, 
it must be a sneutrino (spin-0 partner of a neutrino) or a linear combination of the 
four neutral spin-j particles: the photino, the zino, and two higgsinos.26 Such a 
particle would have been in thermal equilibrium in the early universe, with a relic 
abundance that can be reliably computed (as discussed in Sec. 2). We would like 
to obtain the magic number a v ~ 10~1 0 GeV - 2 for the annihilation cross section. 
This is not too difficult, since there are many parameters (the mass matrices for 
all the superparticles!) to play with. Still, some general features emerge. First, it 
is very difficult to have a sneutrino as dark matter, though perhaps not completely 
impossible.27 The main problem is that the sneutrino scatters coherently off nuclei, 
and so would have appeared in direct-detection experiments unless it is very heavy 
(several TeV). If it is very heavy, its annihilation cross section sinks below the 
magic number. The four neutralinos can be divided into gauginos (the photino 
and the zino) and higgsinos. The gauginos are better thought of as the neutral 
wino and the bino (superpartners of the neutral SU(2) gauge boson W° and the 
hypercharge gauge boson B) because the SU(2)xU(l) invariant mass terms given 
to them are typically large enough (in interesting regions of parameter space) to 



dwarf the effects of electroweak symmetry breaking, which on their own would 
mix the neutral wino and bino into the photino and the zino. The LSP is more 
likely to be a gaugino than a higgsino.28 This is because, when a higgsino is 
the LSP, the annihilation cross section is too large. If the mass of the higgsino 
is less than the mass of the Z°, the dominant process is s-channel annihilation 
through the Z° and W± with the other higgsinos (charged and neutral) which are 
nearly degenerate in mass, and therefore, present with nearly the same number 
density.29 If the mass of the higgsino is greater than the mass of the Z°, the 
dominant process is annihilation into the gauge boson pairs Z°Za and W + W~. 2 8 

On the other hand, the bino does not couple to the Z° or W± at all; if the bino 
is the LSP, it annihilates primarily through t-channel exchange of squarks and 
sleptons (the spin-0 partners of quarks and leptons), and so its annihilation cross 
section depends crucially on the unknown masses of these new particles. This 
adjustability means that there is a wide range of bino masses for which it can be 
the LSP and the dark matter. The neutral wino could also be the LSP, but the 
theoretical prejudice (explained below) is that the bino is lighter than the winos. 

The real problem with coming to definite conclusions is the great number 
of new particle masses and mixings one must choose. Two general approaches 
have been taken. One is to try to set limits. For example, it is difficult to 
have a bino as the LSP if its mass is greater than about 350 GeV; above this 
mass, the annihilation cross section becomes too small, and the relic density of 
binos is too big (fig/i2 > 1). But there are loopholes, for example, including CP 
violating phases in the neutralino mass matrix at the maximum (experimentally 
allowed) level pushes the limit up to about 650 GeV (Ref. .30). Completely generic 
statements, with all loopholes closed, allow LSP masses of several TeV (if the LSP 
is a higgsino). 

Another approach is to assume maximal symmetry of the mass matrices at 
a high energy scale; this follows from grand unification, for example. Then one 
uses renormalization group equations to find the physical masses and computes 
relic densities of the LSP (which always turns out to be a neutralino and never 
the sneutrino) on this basis.3 1 The advantage of this approach is that the number 
of unknown parameters is greatly reduced, and more specific predictions can be 
made. The disadvantage is that it is not clear how reasonable these assumptions 
are. They do not necessarily hold in string models, for example. 
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Still, the LSP is a terrific dark matter candidate. It is predicted by a beau
tiful general principle (supersymmetry) applied to the real world (invoking R-
parity to conserve baryon and lepton numbers), and getting the magic number 
av ~ 10~ 1 0 GeV"2 is not at all difficult. It provides cold dark matter, which seems 
to be a necessity for galaxy formation. A search for LSP-comprised dark matter 
is, therefore, extremely important. 

Direct detection experiments32 are discussed in these proceedings by Sadoulet.10 

These represent the best hope for demonstrating that at least some of the dark 
matter is comprised of heavy elementary particles which scatter off nuclei. Pin
ning down the properties of this dark matter particle will undoubtedly require 
accelerator-based experiments as well. Unfortunately, some accelerator experi
ments have recently dampened the highest direct detection hopes.3 3 CLEO has 
found a small value for the branching ratio of 6 -> sy, precluding a light charged 
Higgs boson. Direct detection experiments benefit greatly from a light neutral 
Higgs boson (as a mediator of the scattering of a dark matter particle off a nu
cleus). But if there is no light charged Higgs, then (in supersymmetric theories) 
there is no light neutral Higgs either. 

Another potential source of information arises from methods based on detec
tion of annihilation products of the dark matter particles. Annihilation is ongoing, 
and we know what the annihilation cross section must be. (Actually, we know 
what it must be at the freeze-out temperature, and it could be substantially less 
at the near-zero temperature which prevails today.) In order for present-day an
nihilation to be significant, an enhanced density of dark matter is required. Of 
course, this is exactly what we get in galactic halos! The enhancement is about a 
factor of 105 near our solar system. This is not enough to do anything dramatic, 
but dark matter annihilations can produce a variety of unusual products: antipro-
tons, 3 4 positrons,35 gamma ray lines,36 etc. None of these predictions, however, 
are dramatic enough to be of immediate use. 

Another source of density enhancement is trapping by the sun or earth. 3 7 A 
dark matter particle can scatter off of a nucleus in the sun or earth, lose some 
kinetic energy, and become gravitationally bound. This can yield a huge en
hancement of the number density and hence, the annihilation rate; the observable 
signature which results is a flux of high-energy neutrinos.38 These neutrinos can be 
seen by detectors such as Kamiokande. In fact, Kamiokande has already set some 



modest limits on the parameter space of the LSP, 3 9 and large neutrino telescopes 
like AMANDA and DUMAND could do much better. 4 0 

Thus, all in all, there is reason to be optimistic about eventual experimental 
detection of the LSP as dark matter, assuming that this is indeed the case! 

6 Some Dark Horses 
Even within the context of supersymmetric theories, there are a few dark horse 
candidates for the LSP and dark matter. One of these, a very heavy sneutrino, 
has already been mentioned. Here, I would like to discuss two more. 

One is a relatively light (~ 15 GeV) photino, along with an only slightly heavier 
"stop," the scalar partner of the top quark.4 1 Bach quark actually has two scalar 
partners, one corresponding to the left-handed quark and one corresponding to the 
right-handed quark. It is easy to see why this is necessary: left- and right-handed 
quarks can (and do) have different gauge quantum numbers (we have left-handed 
doublets under the SU(2) of weak interactions, and right-handed singlets); both 
sets of quantum numbers must be represented among the superpartners. These 
two scalars can mix, so that the mass eigenstates are linear combinations of the 
original superpartners of the left- and right-handed pieces of the corresponding 
quark. It turns out that this mixing is proportional to the mass of the quark and 
so is negligibly small except for the stops. If we call the stop mixing angle 0j, 
then the coupling of the Z° to the lightest of the two stop mass eigenstates is 
proportional to 3 cos2 6t — 4 sin2 6W, where 0W is the usual weak mixing angle. The 
lighter stop, thus, does not couple to the Z° if 6t = 0.98 and would have escaped 
detection so far if 0.8 < 0t < 1.2, even if its mass is only 20 GeV! In this case, 
the LSP can be the photino, provided that its mass is no more than 5 GeV less 
than that of the stop. In this case, there are enough stops in thermal equilibrium 
in the early universe to make it necessary to take photino-stop annihilation into 
account, and this can be of the right size to produce ft = 1 in photinos, even if 
all the other squarks and sleptons weigh several hundred GeV. 

Another interesting dark horse is the axino, superpartner of the axion. 4 2 ' 4 3 

After all, if one believes in axions and in supersymmetry, then there must be an 
axino. The axino's properties are unfortunately quite model dependent. However, 
an interesting scenario43 has an axino with a mass of a few to a few hundred keV; 
thermal axinos then act as cold (or warm) dark matter. However, there is another 
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source of axinos: decays of what would have been the LSP (e.g., the bino). This 
decay rate is typically quite slow and so occurs late in the history of the universe. 
Also, because the axino is so much lighter than the bino, bino decay results in 
relativistic axinos which act as hot dark matter! 

7 Conclusions 
There are a. great many candidates for nonbaryonic dark matter. Some are cold, 
some are hot; some are thermal, some are nonthermal; some can be detected in 
the near future, some cannot; some are expected, many are dark horses. It seems 
clear that the future of this subject is experimental. We need some data to point 
us in the right direction. However, it seems equally clear that a clever new idea 
on how to acquire this data is not impossible to imagine and would be of immense 
importance. 
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1 CDF Evidence for the Top Quark 

1.1 Introduction 
The Standard Model has enjoyed outstanding success, yet the top quark, which 
is required as the weak-isospin partner of the bottom quark, has remained unob
served. Direct searches at the Fermilab Tevatron have placed a 95% confidence 
level lower limit of Mtop > 131 GeV/c2 (Ref. 2). Global fits to precision elec-
troweak measurements yield a favored mass of Mtop = 177i{}ti9 GeV/c2 (Ref. 3) 

One expects that, at Tevatron energies, most top quarks are produced in pairs. 
For Mtop > 85 GeV/c2, each top quark decays to a real W boson and a 6 quark. 
The observed event topology is then determined by the decay mode of the two 
W bosons. About 5% of the time, both W bosons decay to eu or \w (the "dilepton 
mode"), giving two high-Pr leptons with opposite charge, two 6 jets, and large 
missing transverse energy (JST) from the undetected neutrinos.4 In another 30% 
of the cases, one W boson decays to eu or /w, and the other to a q<? pair (the 
"lepton + jets mode"). This final state includes a high-Pr charged lepton, JEr, 
and jets from the W and the two 6 quarks. The remaining 65% of the final 
states involve the hadronic decays of both W bosons, or the decay of one or both 
of the W bosons into r leptons. These channels have larger backgrounds and 
are not considered here. This analysis is based on a sample of pp collisions at 
•fs = 1.8 TeV with an integrated luminosity of 19.3 ± 0.7 pb" 1 , collected at 
the Fermilab Tevatron by the CDF detector5 in 1992-1993. The details of the 
analysis are presented in Ref. 1. 

The momenta of charged particles are measured in the central tracking cham
ber (CTC), which sits inside a 1.4-T superconducting solenoidal magnet. Outside 
the CTC, electromagnetic and hadronic calorimeters, arranged in a projective 
tower geometry, cover the pseudorapidity region \r)\ < 3.6, allowing reliable mea
surements of the JS-r- The calorimeters are also used to identify jets and electron 
candidates. Outside the calorimeters, drift chambers in the region \t]\ < 1.0 pro
vide muon identification. A Silicon Vertex Detector (SVX),6 located immediately 
outside the beampipe, provides precise track reconstruction in the plane trans
verse to the beam and is used to identify secondary vertices that can be produced 
by b and c quark decays. A three-level trigger selects the inclusive electron and 
muon events used in this analysis. 
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1.2 Dilepton Search 

In the dilepton search, both leptons are required to have Br > 20 GeV/c and to 
have opposite charge. At least one of the leptons is required to have |^| < 1.0 and 
to be isolated.1 In addition, we require JEr > 25 GeV (Ref. 7). To remove back
ground from Z production, we reject ee and nn events with 75 < Met < 105 GeV /c 
For Mop > 120 GeV/c2, the two b quarks have significant energy and are detected 
with good efficiency as jets. By requiring two jets with |JJ| < 2.4 and Br > 10 GeV 
(Ref. 7), we reduce backgrounds by a factor of four while preserving 84% of the 
signal for Mtop = 160 GeV/c2. To achieve additional rejection against Z -> TT 
events and events with J5T induced by jet mismeasurement, we require, for ]&r < 
50 GeV, that the azimuthal angle between the £ T and the nearest lepton or jet 
exceed 20°. No ee or \m events pass all cuts. Two eyx events survive. 

We use the ISAJET8 Monte Carlo program to determine the acceptance and 
the efficiency of the event-selection criteria. The fractional uncertainty in the effi
ciency of the two-jet requirement, due mostly to the limited understanding of gluon 
radiation, decreases from 13% for Mtop = 120 GeV/c2 to 3% for Mlop = 180 GeV/c2. 
Other uncertainties in the detection efficiency come from the lepton-identification 
cuts (6%), lepton-isolation cuts (2%), ,ET cuts (2%), structure functions (2%), 
and Monte Carlo statistics (3%). The overall acceptance, (.DIL, for the dilep
ton search is shown in Table 1. The number of expected dilepton events from 

M,op 120 GeV/c2 140 GeV/c2 160 GeV/c2 180 GeV/c2 

eDIL 0.49 ± 0.07% 
e s v x 1.0 ± 0.3% 
eSLT 0.84 ± 0.17% 

0.66 ± 0.07% 
1.5 ± 0.4% 
1.1 ± 0.2% 

0.78 ± 0.07% 
1.7 ± 0.5% 
1.2 ± 0.2% 

0.86 ± 0.07% 
1.8 ± 0.6% 
1.3 ± 0.2% 

a^ e o r (pb) 38.9±$ 8 16.9i?:l 8-2±0;| 4.2i°o3 
off* (pb) 22.7i&° 16.8i& i4.7i| ;f 13.7+J? 

Table 1: Summary of top acceptance (including branching ratios) and the theo
retical cross section.9 The last line gives the tt production cross section obtained 
from this measurement. 



it production, using this acceptance and the theoretical cross section,9 is shown 
in Table 2. 

Njt, Electrons Muons Total VECBOS (Q2 = < PT

2>) 
OJet 10,663 6,264 16,927 
1 Jet 1058 655 1713 
2 Jets 191 90 281 
3 Jets 30 13 43 
> 4 Jets 7 2 9 

Table 2: Summary of W candidate event yields as a function of jet multiplicity. 
Jets have ET > 15 GeV and \t]\ < 2.0. Also shown are the predicted number 
of W events from the VECBOS Monte Carlo program. The uncertainties shown 
in the VECBOS predictions are dominated by the uncertainty in the jet energy 
scale; the uncertainty in the Q2 scale is not included. 

The dilepton background from WW production is calculated using ISAJET, 
assuming a total WW cross section of 9.5 pb (Ref. 10), and is found to be 
0.16 ± 0.06 events. WW events may contain two jets due to initial-state gluon 
radiation. The treatment of initial-state radiation in the ISAJET calculation is 
checked using Z + jets data, and good agreement is found. The background from 
Z -> TT is estimated using Z -> ee data, where each electron is replaced by a 
simulated r that decays leptonically. This background contributes 0.13 ± 0.04 
events. We estimate backgrounds from 66 and cc using ISAJET to model produc
tion processes, and the CLEO Monte Carlo program11 to model B-meson decay. 
The Monte Carlo rates are normalized to a sample of tp data collected with lower 
trigger thresholds. We estimate 0.10 db 0.06 background events from these sources. 
Backgrounds from hadrons misidentified as leptons (0.07 ± 0.05 events) and the 
Drell-Yan production of lepton pairs (0.10io;jjjj) a r e estimated from inclusive-jet 
and Z data, respectively. The total expected background is 0.56io;23 events, with 
two candidates observed. 

1571+gJ 
267±|? 
39±lg 
7+3.2 
' - 2 . 2 

1.3 Lepton-Plus-Jets Search 
Events selected for the lepton + jets search are required to have an isolated lepton 
with ET (PT for muons) > 20 GeV and |IJ| < 1.0, and to have y&r > 20 GeV 
(Ref. 7). Events containing Z bosons are removed by rejecting events with an 
ee or (ift invariant mass between 70 and 110 GeV/c2. In Table 2, we classify the 
remaining events according to the multiplicity, Njet, of jets with ET > 15 GeV 
and M < 2.0 (Ref. 7). 

The dominant background in the lepton + jets search is the direct production 
of W+ jets. The ratio of the tt signal to W+ jets background can be greatly 
improved by requiring Njel > 3. This requirement has a rejection factor of 
fa 400 against inclusive W production while keeping approximately 75% of the tt 
signal in the lepton + jets mode for Mtop = 160 GeV/c2. In the W+ > 3-jet 
sample, we expect 12 ± 2 (6.6 ± 0.7) tt events for M,op = 160 (180) GeV/c2, 
using the acceptance discussed below and the theoretical cross section. We observe 
52 events with Njct > 3. 

The VECBOS Monte Carlo program12 can be used to make estimates of direct 
W + jets production. Table 3 shows the results of a particular calculation which 
predicts 46 events with > 3 jets and seven events with > 4 jets. The VECBOS 
predictions for > 3 jets have uncertainties of about a factor of two due to the 
choice of Q2 scale and cannot be used for a reliable absolute background calcula
tion. We therefore have developed a technique for estimating backgrounds in the 
lepton + jets search directly from the data. This technique is described below. 
Other backgrounds (direct 66, Z bosons, W pairs, and hadrons misidentified as 
leptons) contribute 12.2 ± 3.1 events.1 Additional background rejection is needed 
to isolate a possible tt signal. Requiring the presence of a 6 quark, tagged either 
by a secondary vertex or by a semileptonic decay, provides such rejection. 

1.3.1 SVX b-Tag 

The lifetime of 6 hadrons can cause the 6-decay vertex to be measurably displaced 
from the pp interaction vertex. When associated with jets with ET > 15 GeV 
and |JJ| < 2.0, SVX tracks with PT > 2 GeV/c and impact-parameter significance 
\d\lad > 3 are used in a vertex-finding algorithm.1 Using these tracks, the decay 
length transverse to the beam, Lxy, and its uncertainty (typically cr £ j ) ss 130 fim) 
are calculated using a three-dimensional fit, with the tracks constrained to origi-



nate from a common vertex. Jets that have a secondary vertex displaced in the 
direction of the jet, with significance \Lzy\/aL„ > 3.0, are defined to be "SVX-
tagged." 

We use a control sample, enriched in 6-decays, of inclusive electrons (ET > 
10 GeV) to measure the efficiency for SVX-tagging a semileptonic 6 jet. 1 We 
compare this efficiency with that predicted by the ISAJET + CLEO 66 Monte 
Carlo and find our measured efficiency to be lower than the Monte Carlo prediction 
by a factor of 0.72 ± 0.21. We then determine the efficiency for tagging at least 
one 6 jet in a it event with three or more observed jets, etag, from it Monte Carlo 
rescaled by the factor determined above. We find etag = 22 ± 6% independent 
of top mass for Mtop > 120 GeV/c2. The efficiency, esvx, for inclusive tt events 
to pass the lepton-identification, kinematic, and SVX 6-tag requirements is shown 
in Table 1. The number of expected SVX-tagged ft events with Njct > 3 is shown 
in Table 2. Six SVX-tagged events are observed in the 52-event W + > 3-jet 
sample. 

Rather than rely on Monte Carlo predictions, we estimate directly from our 
data how many tags we would expect in the 52-event sample if it were entirely 
background. We assume that the heavy-quark (6 and c) content of jets in W + jets 
background events is the same as in an inclusive-jet sample.1 This assumption is 
expected to be conservative, since the inclusive-jet sample contains heavy-quark 
contributions from direct production (e.g., gg ->• 66), gluon splitting (where a 
final-state gluon branches into a heavy-quark pair), and flavor excitation (where 
an initial-state gluon excites a heavy quark in the proton or antiproton sea), while 
heavy quarks in W + jets background events are expected to be produced almost 
entirely from gluon splitting.13 We apply the tag rates measured in the inclusive-
jet sample, parametrized by the ET and track multiplicity of each jet, to the 
jets in the 52 events to yield the total expected number of SVX-tagged events 
from Wbb, Wcc, and fake tags due to track mismeasurement. We have tested 
this technique in a number of control samples and use the level of agreement 
with the number of observed tags to determine the systematic uncertainty on the 
predicted tag rate. The backgrounds from non-W sources (direct bb production 
and hadrons misidentified as leptons) are also determined from the data.1 The 
small contributions from Wc, from WW and WZ production, and from Z -¥ TT 
are estimated from Monte Carlo events. The total estimated background to SVX 
tags in the 52-event sample is 2.3 ± 0.3 events. An alternate background estimate, 

using Monte Carlo calculations of the heavy-quark processes in W + jets events 
and a fake-tag estimate from jet data, predicts a heavy-quark content per jet 
approximately a factor of three lower than in inclusive-jet events and gives an 
overall background estimate of a factor of 1.6 lower than the number presented 
above, supporting the conservative nature of our background estimate. 

In the W + jets sample, the Lxv distribution of observed SVX tags is consistent 
with that of heavy-quark jets. The tags in the W events with one and two jets 
are expected to come mainly from sources other than tt decay, and the rate of 
these tags is consistent with the background prediction, with 16 events tagged 
and 22.1 ± 4.0 predicted. 

1.3.2 SLT b-Tag 

A second technique for tagging 6 quarks is to search for leptons arising from the 
decays 6 -» tvX (C = e or /*), or 6 -> c -+ ivX. Because these leptons 
typically have lower Pr than leptons from W decays, we refer to them as "soft 
lepton tags," or SLT. We require lepton Pr > 2 GeV/c. To keep this analysis 
statistically independent of the dilepton search, leptons that pass the dilepton 
requirements are not considered as SLT candidates. 

In searching for electrons from 6 and c decays, each CTC track is extrapolated 
to the calorimeter, and a match is sought to an electromagnetic cluster consis
tent in size, shape, and position with expectations for electron showers. The 
efficiency of the electron selection criteria, excluding isolation cuts, is determined 
from a sample of electron pairs from photon conversions, where the first electron 
is identified in the calorimeter and the second, unbiased electron is selected using 
a track-pairing algorithm. The electron isolation efficiency is determined from tt 
Monte Carlo events. The total efficiencies are (53 ± 3)% and (23 ± 3)% (statis
tical uncertainties only) for electrons from 6 and sequential c decays, respectively. 
To identify muons, track segments in the muon chambers are matched to tracks in 
the CTC. The efficiency for reconstructing track segments in the muon chambers 
is measured to be 96% using J/tp -> n+fi~ and Z -+ /i +/i~ decays. This number 
is combined with the Pr-dependent efficiency of the track-matching requirements 
to give an overall efficiency of approximately 85% for muons from both 6 and c 
decays. 



The acceptance of the SLT analysis for tt events is calculated using the ISAJET 
and CLEO Monte Carlo programs. The efficiency for tagging at least one jet in a 
if event by detecting an additional lepton with Py > 2 GeV/c is etag = 16 ± 2%, 
approximately independent of Mtop. The efficiency, esvr, for inclusive tt events to 
pass the lepton-identification, kinematic, and SLT 5-tag requirements is shown in 
Table 1. The number of expected SLT-tagged it events is shown in Table 2. We 
find seven SLT-tagged events with Njet > 3. Three of the seven also have SVX 
tags. 

The main backgrounds to the SLT search are hadrons misidentified as leptons, 
and Wbb, Wcc production. As in the SVX analysis, we estimate these back
grounds from the data by conservatively assuming that the heavy-quark content 
per jet in W + jets events is the same as in inclusive-jet events. By studying 
tracks in such events, we measure the probability of misidentifying a hadron as 
an electron or muon, or of tagging a true semileptonic decay. We use these prob
abilities to predict the number of tags in a variety of control samples and obtain 
good agreement with the number observed. We expect 2.70 ± 0.27 tags in the 
W+ > 3-jet sample from these sources. Other sources (direct bb, W/Z pairs, 
Z -4 rr, Wc, and Drell-Yan) contribute 0.36 ± 0.09 events, for a total SLT 
background of 3.1 ± 0.3 events. The number of SLT tags in the W + 1 and 
W + 2-jet samples, which should have only a small contribution from tt, agrees 
with the background expectation (45 events tagged, 44 ± 3.4 predicted). Figure 1 
shows the combined number of SVX and SLT tags, together with the estimated 
background, as a function of jet multiplicity. 

1.4 Statistical Significance and Cross Section 

Each of the analyses presented above shows an excess of events over expected 
backgrounds, as shown in Table 3. The dilepton analysis observes two events with 
a background of 0.56±o:i3- The lepton + jets 6-tag analysis identifies ten events: 
six events with a background of 2.3 ± 0.3 using the SVX tagging algorithm, and 
seven events with a background of 3.1 ± 0.3 using the SLT tagging algorithm, 
with three of these events tagged by both algorithms. 
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Figure 1: The sum of SVX and SLT tags observed in the W+ jets data (solid 
triangles). Events tagged by both algorithms are counted twice. The shaded area 
is the sum of the background estimates for SVX and SLT, with its uncertainty. 
The three-jet and four-or-more-jet bins are the ft signal region. 

Channel ^<»„M Dilepton SVX SLT 
JV«p«<«f, Mop = 120 GeV/c2 3.7 ± 0.6 7.7 ± 2.5 6.3 ± 1.3 
Nexpected, Mop = 140 GeV/c2 2.2 ± 0.2 4.8 ± 1.7 3.5 ± 0.7 
Ncxpected, Mop = 160 GeV/c2 1.3 ± 0.1 2.7 ± 0.9 1.9 ± 0.3 
iV«xp.ci.d, Mop = 180 GeV/c2 0.68 ± 0.06 1.4 ± 0.4 1.1 ± 0.2 
Total Background 0.56±g;2jj 2.3 ±0.3 3.1 ± 0.3 
Observed Events 2 6 7 

Table 3: Number of ti events expected assuming the theoretical cross section, and 
the number of candidate events observed with expected backgrounds. 



For each of these results, we calculate the probability, V, that the estimated 
background has fluctuated up to the number of candidate events seen or greater. 
We find VDIL = 12%, Vsvx = 3.2%, and VSLT = 4.1%. 

To calculate the probability Vcombincd that all three results together are due 
only to an upward fluctuation of the background, we use the observation of 15 
"counts": the two dilepton events, the six SVX tags, and the seven SLT tags. This 
procedure gives extra weight to the double-tagged events, which are approximately 
six times more likely to come from 6 and c jets than from fakes, and therefore have 
a significantly smaller background than the single-tagged events. We have checked 
that we understand SVX—SLT correlations by correctly predicting the number of 
double-tagged jets and events in the inclusive-jet sample. We calculate VemMnti 
using a Monte Carlo program that generates many samples of 52 background 
events, with fractions of W + light quark and gluon jets, Wbb, Wcc, and other 
backgrounds distributed according to Poisson statistics with mean values and 
uncertainties predicted by Monte Carlo calculations.1 The number of events with 
heavy-quark jets is scaled up to agree with the more conservative background 
estimate from inclusive-jet data. The predicted number of SVX plus SLT-tagged 
events is obtained by applying the measured efficiencies and correlations in the 
SVX and SLT fake rates. This number is combined with a Poisson-distributed 
number of dilepton background events to determine the fraction of experiments 
with 15 or more counts from background alone. We find VcomMntd = 0.26%. This 
corresponds to a 2.8ff excess for a Gaussian probability function. 

Assuming the excess events to be from it, we calculate the cross section for if 
production in pp collisions at i/s = 1.8 TeV. The calculation uses the if acceptance, 
the derived efficiencies for tagging jets in it events, and a revised estimate of the 
background appropriate for a mixture of it events and background in the 52-event 
W + jets sample (rather than assuming it to contain all background as above). In 
Table 1, we summarize the acceptances, and the theoretical and measured cross 
sections as a function of Mtop-

1.5 Top Mass Measurement 

Assuming that the excess of 6-tagged events is due to if production, we estimate 
Mtop using a constrained fit14 to each tagged event with four jets. Using the 
52-event W + > 3-jet sample, we require a fourth jet with Ep > 8 GeV and 
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\r)\ < 2.4. Seven of the ten 6-tagged events identified in the lepton + jets analysis 
pass this requirement. These seven events are fitted individually to the hypothesis 
that three of the jets come from one t or t through its decay to Wb, and that the 
lepton, JST, and the remaining jet come from the other t or i decay.7 If the event 
contains additional jets, only the four highest-£r jets are used in the fit. The fit 
is made for all six jet configurations, with the requirement that the tagged jet in 
the event must be one of the b quarks. There are two solutions in each case for the 
longitudinal momentum of the neutrino, and the one corresponding to the best 
X2 is chosen. 

Application of this method to it Monte Carlo events (Mtop = 170 GeV/c2) 
gives a distribution with a peak at 168 GeV/c2 and a rms spread of 23 GeV/c2. 
Fitting Monte Carlo W+ jets background events to the it hypothesis yields a mass 
distribution with a broad peak centered at about 140 GeV/c2. 

The results of the fits to the seven events are presented in Fig. 2. In this 
sample, 1.4±iS events are expected to come from background.1 

To find the most likely top mass from the seven events, we perform a likelihood 
fit of their mass distribution to a sum of the expected distributions from W + jets 
and a top quark of mass Mtop. The — log(likelihood) distribution from this fit 
is shown in the inset to Fig. 2. Systematic uncertainties in this fit arise from 
the background estimation, the effects of gluon radiation on the determination of 
parton energies, the jet energy scale, kinematic bias in the tagging algorithms,~and 
different methods of performing the likelihood fit. Combining these uncertainties 
yields a top mass of MiBp — 174 ± lOiiJj GeV/c2, where the first uncertainty 
is statistical and the second is systematic. The statistical uncertainty includes 
the effects of detector resolution and incorrect assignments of jets to their parent 
partons. Using the acceptance for this top mass and our measured excess over 
background, we find <rtf (Mtop — 174 GeV/c2) = 13.9±!j;8 pb. By performing a 
simple x2 analysis on the theoretical prediction for the cross section as a function 
of Mtop, our measured mass, and our measured cross section, we find that the 
three results are compatible at a confidence level of 13% (1.5cr). 

1.6 Conclusions and Prospects for Run I B 

We have performed many consistency checks, and have found some features of 
the data that do not support the tt hypothesis. The sample of inclusive Z events 
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Figure 2: Top mass distribution for the data (solid histogram), the W + jets 
background (dots), and the sum of background + Monte Carlo tt for 
Miop = 175 GeV/c2 (dashed). The background distribution has been nor
malized to the 1.4 background events expected in the mass-fit sample. The inset 
shows the likelihood fit used to determine the top mass. 

serves as a control sample for studying the production of a vector boson plus jets, 
as Z bosons are not produced in it decay. We find two 6-tagged Z + > 3-jet events 
with 0.64 expected. Both events have four jets and are SVX-tagged. Though the 
statistics are limited, these events could indicate an additional (non-it) source of 
vector boson plus heavy quark production, not accounted for in our background 
estimates. Higher-statistics checks of the fr-tagging rate in W or Z + 1 and 2-jet 
events are consistent with expectations. We also find that the measured tt cross 
section is large enough to account for all observed W + 4-jet events. The apparent 
deficit of events from direct production of IV + 4 jets and other backgrounds is a 
1.5-2o- effect. 

Other features do support the tt hypothesis. One of the dilepton candidate 
events is 6-tagged by both the SVX and SLT algorithms, with approximately 0.01 
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double-tagged background events (0.13 signal events) expected. This, together 
with the excess of 6-taggcd W + jets events, provides evidence for an excess of 
both Wbb and WWbb production, as expected from if decays. We have performed 
a kinematic analysis of the lepton + jets sample and conclude that it can accom
modate the top content implied by our measured cross section. Furthermore, a 
likelihood fit to the top mass distributions obtained from the fc-tagged W + 4-jet 
events prefers the ft + background hypothesis over the background-only hypoth
esis by 2.3 standard deviations. 

In conclusion, the data presented here give evidence for, but do not firmly 
establish, the existence of the top quark. Work is continuing on kinematic analyses 
of the present data, and we hope for an approximate four-fold increase in data 
from the 1994-95 Tevatron collider run. 

2 B Physics at Fermilab 

2.1 Introduction 

The advantages of studying B physics at Tevatron include the relatively large 
cross-section for 6-quark production and the broad range of B hadrons which are 
produced, including Bu, Bj, B„ Bc, and A(,. This is different than the situation 
in e +e~ machines that make use of either T(4S) in which only the light B mesons 
produced, or Z -+ bb at LEP in which the production rate is many orders of 
magnitude smaller than at the Tevatron. Furthermore, with the high resolution 
SVX and generalized triggers, such as dilepton and single-lepton triggers, it makes 
Tevatron a unique place to have a broad B-physics program. Figure 3 illustrates 
the CDF B physics capability showing a top decay where both b's decay vertices 
are clearly detected by SVX. 

2.2 b Cross Section 

2.2.1 Fixed-Target 6 Production 

Due to heavy 6-quark mass, fixed-target 6 production can be understood in terms 
of the predictions of perturbative QCD. Consequently, the measurement of b-
quark production using fixed-target experiments provides an opportunity to test 
QCD. The current 6 cross-section measurements are in good agreement with NLO 
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Figure 3: The top event has two secondary vertices identified by the CDF Silicon 
Vertex Detector. 

QCD calculations, but are still statistics limited. E-672/702 at Fermilab detected 
a sample of J/ij) mesons coming from secondary vertices during the 1990 Fer
milab fixed-target run with a 520 GeV/c TC beam incident on beryllium and 
copper targets.1 5 Based upon ten events coming from a secondary vertex occur
ring in an air-gap between their targets, they found an inclusive 66 cross section of 
75 ± 28 ± 23 nb/nucleon, which is in good agreement with recent QCD predic
tions. Similarly, E-789 at Fermilab has also measured the 6 cross section by com
paring the number of upstream and downstream J/tp's detected in their limited 
acceptance mass focusing spectrometer.16 Their result is also in good agreement 
with QCD prediction. 

2.2.2 Collider 6 Production 

Measurements of the 6 production cross section at the Tevatron collider provide 
an interesting testing ground for next-leading-order QCD calculations. Studying 
the B meson spectra provides important engineering numbers for predicting the 

sensitivity of further experiments toward measuring CP violation parameters. In 
the past, heavy quark production cross sections were determined using inclusive 
lepton or charmonium (ij) and ijJ) data samples from CDF. Inclusive lepton cross 
sections17 allow a high statistics measurement of the 6 cross section at Tevatron. 
The systematic uncertainties in these measurements are dominated by the level of 
understanding for the background. The inclusive ip and i// channels18 provide a 
clean signature of heavy quark decay and can be easily separated from background 
due to excellent mass resolution, but converting a charmonium cross section to 
a 6 cross section requires knowledge of the fraction of these ij) states that come 
from 6 decays. The momentum of the 6 quarks were also not well-known in both 
cases and had to be determined from the daughter's momentum, which made 
the results model dependent. With the CDF SVX and large data samples, these 
problems have been greatly reduced by studying fully reconstructed exclusive or 
semiexclusive final states. For example, Fig. 4 shows the size of B -> ij/K mass 
peak from the CDF experiment as well as B -> ID'^X with the fully reconstructed 
D'± through D"* -> D0** and D° -4 Kn. 

PUB*) > 6 CeV/c COF Preliminocy 13.5 pb" 

Figure 4: (a) The invariant mass distribution of J/xp + K* in run 1A data. The 
invariant mass distribution of Kir in (b) right-sign combination (clear signal) and 
(c) wrong-sign combination (no signal). 



A summary of the CDF 6 cross-section measurements is shown in Fig. 5, which 
appears to be a factor of two above the QCD predictions. CDF also measured the 
differential cross section for B-meson production using its exclusive decay modes 
shown in Fig. 5. Again, the measured cross section is about a factor of two higher 
than theory. 
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Figure 5: (a) CDF 6-production cross section, (b) B-meson differential cross 
section from CDF compared to a next-leading-order QCD calculation. 

Similarly, D0 has measured the 6 cross section using inclusive single-muon 
and dimuon samples.19 The D0 inclusive b cross section from inclusive muon 
samples is shown in Fig. 6, which appears to be in good agreement with NLO 
QCD predictions. It is noted that the theoretical curves are used differently by 
CDF and D0. Within the quoted uncertainties, the two data sets are in good 
agreement. 

2.3 b Lifetime Measurements 

In this section, we report on two B-lifetime measurements at CDF using fully20 

and semiexclusive reconstructed decays.21 The data sample used in these analyses 
is based on 19.3 p b _ 1 data collected at CDF during the 1992-1993 period. The 
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Figure 6: The D0 6-production cross-section measurement using an inclusive muon 
sample. 

B-meson lifetime is sensitive to the details of the decay mechanism beyond the 
spectator model. The B-decay model predicts a very small difference between 
charged and neutral B-meson lifetimes of about 5%. This difference is not true in 
the charm meson case. Reaching this precision would provide a direct test of the 
validity of the B-decay model. 

2.3.1 Exclusive Bu and Bj Lifetime 

In this case where the B meson is fully reconstructed, the B-meson type, 0f, and 
decay length are all precisely determined. It has small systematic uncertainties 
but is statistically limited by the number of fully reconstructed B mesons. In 
order to increase the sample size, all possible decay modes B -4 T/>K have been 
used, where i/r represents J/il> and t/»(2s). K represents the different kaon states 
including K*, Km±, K„ and K"°. In addition, both muons are required to have 



SVX information in order to have an adequate secondary vertex resolution. All 
the decay tracks, except from a K, decay, are vertex constrained and the J/ip and 
^i(2s) candidates are mass constrained to their known masses.22 Any B's with 
PT(B) < 6.0 GeV/c2 are rejected. In the case of multiple candidates, the one 
with the best x 2 from the constrained fit is kept. The mass distribution for these 
candidates with and without the requirement cr > 100 pm are shown in Fig. 7. 

CDF RUN 1A CDF RUN 1A 
Reconstructed charged 8 mesons Reconstructed neutrot 8 mesons 

-0.1 -04M -a£3 -0x21 o oMi aos ojm 0.1 -fti ~ca?s -OLDS -ao» o 0023 OJO 0£7S 0.1 
moil -5 ,2786 ClVA* C ' V / c l moil - 5.2786 CeV/c* 

moil - 5.2786 GeV/c* (or > 100 pm) W ' mo» - 5.2786 GeV/c* (CT > 100 pm) 

Figure 7: (a) The charged and (b) neutral B-meson invariant mass distribution. 

For the lifetime analysis, the signal region is defined to be ± 30 MeV of the 
world average B-meson mass. Side-band regions are defined to be between 60 MeV 
and 120 MeV away from the B mass, which excludes the region where B's with a 
missing TT would be reconstructed. The decay length distribution for charged and 
neutral B's for both signal and sidebands are shown in Fig. 8. 

The superimposed curves are the results of separate unbinned likehood fits for 
charged and neutral B mesons. The preliminary measurements of the lifetime of 
the B+ and B° mesons are shown in Table 4. The systematic errors are dominated 
by the residual misalignments, trigger bias, and beam stability. Work is ongoing 
to further increase both the statistics and the signal-to-noise ratio of B-meson 
reconstruction. 
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Figure 8: Signal and background cr distributions for (a) charged B* meson and 
(b) neutral B° meson. 

2.3.2 Semileptonic Bu and Bj Lifetimes 

The exclusive B lifetime measurements are limited by statistics. One way to 
improve the measurement is to use semileptonic B-decay modes. From an inclusive 
lepton sample, we search for charm mesons from B -* IDX decay in a cone around 

Modes r{B_) 
psec 

T(BS) 

psec 
T+/T° 

Full Reconstruction 1.61 ± 0.16 ± 0.05 1.57 ±0.18 ±0.08 1.02 ± 0.16 ± 0.05 
Lepton + Charm. 1.63 ± 0.20 ± 0.16 1.62 ±0.16 ±0.15 1.01 ±0.23 ±0.17 

Table 4: B+, B_ lifetimes and their ratios. 



the lepton. The events can be divided into the following three classes: 

• D'~ -> D°TC" are dominantly from B° decay, 

• D°, not from D'~ decays, are dominantly from B~ decay, 

• D~ are dominantly from B" decay since the D'° does decay to D~, 

where the D° is reconstructed through K~n+ mode. The sign of lepton is cor
rected with the sign of kaon if the lepton and D originate from the decay of a 
B meson. A clean D signal is seen in the invariant mass distribution of the right-
sign combinations, as shown in Fig. 4, while no signal is observed in the wrong-sign 
combinations. The B secondary vertex is determined by intersecting the D meson 
and lepton. Since the neutrino is missing, the /3y correction cannot be calculated 
directly. It is possible to estimate the boost of the B using the boost of lepton and 
charm and Monte Carlo. There are complications in separating charged and neu
tral B's due to the existence of D" and due to some inefficiency in the association 
of the 7T to the D° to form a Dm±. These complications have been modeled with 
Monte Carlo. A combined lifetime fit yields the charged and neutral B lifetime 
given in Table 4. The largest systematic errors arise from the background shape, 
residual misalignment, the Py correction, and the D" sample modeling. The CDF 
for the exclusive and semiexclusive analyses are both consistent and competitive 
with the results from LEP experiments. The comparision of the lifetime ratio of 
the charged to neutral B meson is shown in Fig. 9. 

2.3.3 Bs Lifetime 

A similar technique has been applied to measure Bs meson lifetimes using both the 
exclusive decay to J/i!>(f> and the semileptonic Bs -» luD„ D, -> <t>ir, <j> -}• K+K~ 
decays.23 In the exclusive case (Fig. 10), the result is limited by statistics: 
TB, = 1.74i(>;<;9 ± 0.07 psec. In the semileptonic case, there are about 76 
D, candidates found in the combined inclusive electron and muon samples. Fig
ure 10(b) shows the invariant mass of the K+K~it system. A clean signal of D$ 
is seen in the right-sign combination while no signal is observed in the wrong-sign 
combination. A combined fit to lifetime distributions of signal and background 
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Figure 9: The comparision of the lifetime ratio of the charged to neutral B mesons 
(updated to March 1995). 

yields the TB, = 1.42to.23 ± 0.11 psec. The result is limited by statistics. We 
expect to improve the measurement in the near future by adding run IB data. 

2.4 Polarization Measurement of B -¥ J/ifrK* 
We report on a measurement of the polarization in the decay B" -> J/ipK'° 
using 19.3 p b - 1 data collected at CDF. 2 4 The pseudoscalar to vector-vector decay 
B° -v J/il>K"° allows different polarizations in the final state. The measurement 
of this polarization tests the factorization hypothesis for hadronic decays and also 
helps determine if the decay is useful for studies of CP violation. B° mesons 
were reconstructed through the decay chain B° -> J/il>K'°, Jj^> -> n+n~, and 
K"° -» K+ir~. The polarization was determined using the measured helicity 
angles #*• and 6$, where 6\-. is the decay angle of the kaon in the K"° rest frame 
with respect to the K'° direction in the B° rest frame, and 9$ is the decay angle 
of the muon in the J/il> rest frame with respect to the J/ip direction in the B° 
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Figure 10: (a) The B, -> J/il>4> mass peak at CDF. (b) The D, -¥ <$m and 
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rest frame. An unbinned likelihood fit results in a polarization measurement of 
IY/r = 0.66 ± 0.10(sta£)io:io(s2/s)> which is in good agreement with the recent 
CLEO measurement.25 The superimposed curves shown in Fig. 11 are the results 
of the unbinned likelihood fits after background and acceptance correction. The 
systematic error is dominated by the uncertainty associated with the background 
estimation. 

2.5 Conclusion and Prospects for Run IB 
With the run 1A data, CDF has improved the understanding of b production, 
produced competitive lifetime results, and started to search for new particles and 
rare decays. Run IB has started, and we expect to accumulate another 100 p b _ 1 

of data. With trigger improvements, updated DAQ, and a new radiation hard 
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Figure 11: (a) K0' helicity angle distribution, (b) J/ip helicity angle distribution. 
The fit value of TL/T = 0.67 is shown with the extremes. 

AG-coupledSVX detector, we expect to provide more interesting-measurements-

in B physics including: 

• Improved measurement of cross section, 66 correction, and lifetime. 

• Search for new states (Aj,, Be ...). 

• Improve limits on the rare decays B ->• li/iK, B -> MiK'. 

• Observation of time-dependent B mixing. 

• Search for exclusive 6 -> u decays. 

• Search for B -> K'y. 

• Measurements of flavor-tagging efficiencies and dilution factors for CP mea
surements. 

In conclusion, B physics at Fermilab is still in its infancy. The CDF vertex 
detector expanded the opportunities enormously, and prospects for the future are 
very exciting. 
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1 Introduction 
In this talk.1 will review some physics results that have come out of the 1992-93 

run (Run IA) at the Fermilab proton-antiproton collider. I will discuss selected topics in 
the areas of QCD, electroweak physics, and the search for new phenomena by both D 0 
and CDF collaborations, and I will end with a discussion of the D 0 search for the top 
quark. 

2 QCD Physics at CDF and D0 
A. Overview 
The topics within QCD are many and varied,and some selection must be made 

because of time limitations. I will focus on four areas where there has been recent 
progress or some new results have come out: Energy Flow in Jets, Single-Jet Inclusive 
Cross Section, Direct Photon Production, and Rapidity Gaps. 

B. Energy Flow in Jets 

1. Method of Analysis 
We wish to study how the energy distribution within a jet cone depends on 

external variables such as the jet's transverse energy, ET and rapidity, h, and to see 
how well our measurements agree with the predictions of specific models and 
calculations. To do this we define a function f(R) in Figure 1: 

~JL> ]E,(r)dr 
** /<*)=$£ 
- T - JE,(r)dr 
* 0.0 

Figure I: Definition offunction f(R). 

This function measures the transverse energy distribution within a jet A rapid rise at 
low R indicates a narrow jet whereas a wide jet is characterized by a slower increase. 
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2. Selection of Data Sample 
Standard jet quality cuts are imposed to remove hot cells and energy deposited 

from main ring backgrounds. The vertex position is required to be Izl < 30 cm to 
ensure that calorimeter towers remain projective. Corrections are applied to remove Ej 
contributions from the underlying event1 and the effects of uranium noise.2 For 
purposes of this analysis,the data are y 
subdivided into two regions in T|, a * 

central region with lr)l < 0.2 and a 5 
5 0 , s 

forward region with 2.5 <\r\\< 3.0 and 1 

fourErranges: 4 5 - 7 0 , 7 0 - 1 0 5 , 1 0 5 - §«•• 
140,and>140GeV. 1 

I 
t)l<0.2 

• 140GEV<E, 

A 10S6£V<E, <140C£V 

• 70C£V<E,< 105GEV 

• 45C£V<C<70CEV 

• t . . . . t . . . . i . . . . i . . . . t . . . • i • 
0.1 0.2 0.3 0.4 0J 0.t 0.7 03 0.9 1 

stacotcwous 

In Figure ZI show a plot of f(R) for § 

I 
central events with mj< 0.2 for the four » 0 J 

ranges in Ef. The general trend of the 
data is clean higher transverse energy jets o 
appear to be narrower. 

Figure 2: Jet cone energy distribution for 
central events. -

3. Comparison at Particle Level 
For clarity, we would like to make the comparison at the "particle" level before 

showering and possible calorimeter ; 

effects obscure the underlying physics. 
Two effects can possibly affect our 
results: non-uniform calorimeter 
response which would tend to make jets 
narrower, and the effects of showering 
which would artificially broaden die jet 
We use the detector simulator program 
GEANT3 to estimate the effects of the 
calorimeter. To gauge the effects of 
varying fragmentation,we tried three 
different Monte Carlo generation 
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Figure 3: Effect of corrections in forward 
direction. 
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Figure- 5: Particle level comparison. Figure 4: Central corrections. 

programs:Isajet,4 Herwig,5 and Pythia. The dominant effect was due to showering 
with corrections of 7% in the central region and as high as 30% in the forward. Figure 3 
shows the narrowing of the jets at the particle level in the forward region and Figure 4 
the smaller effect in the central region. We should note that the ideal comparison 
would be at parton level,which is inaccessible to us. Going to particle level does 
remove the gross effects of the calorimeter. 

A comparison of forward and central jets, corrected to particle level, in Figure 5 
shows clearly that forward jets tend to be narrower at fixed E,. than central. 

Work is underway to see if this asymmetry is due to the fact mat there are more 
gluon jets produced in the central region 
than in the forward. 

4. Comparison 
with Theory 

It would be instructive as well as 
useful if the results could be predicted in 
detail by some QCD-based model. We 
have used the program JETRAD7 which 
uses next-to-leading order loops as well 
as diagrams at tree level to make 
predictions of jet shapes. It is important 
to bear in mind that the predictions are at 
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Figure 6: Comparison with JETRAD for 
centraljets. 

the parton level and our data is corrected back to the particle level only. Figure 6 shows 
a comparison of our particle level data with JETRAD predictions at three different 
renormalization scales for central jets with 105 GeV < Ej < 140 GeV, and Figure 7 is a 
comparison for forward jets with 45 GeV < Ej < 70. 

Although agreement is best at a scale of \i =Er, no choice of scale gives good 
agreement for all values of subcone radius,and the disagreement is worse in the 
forward direction than the central. 

5. Summary of Results 
We have a number of basic conclusions: 

• Jets get narrower with increasing Ej. This is expected if particle momentum 
transverse to the jet axis remains constant 

• Forward jets are narrower than central jets. If quark jets, which are 
expected to be narrower, 
dominate the forward 
direction,then this would be a 
good explanation. Work is 
underway to verify this. 
Many of the popular jet Monte 
Carlos do a good job of 
predicting jet shapes, 
particularly in the central 
region. This includes 
Herwig, Pythia, and Isajet. 
The program JETRAD does 
not do very well no matter 
what the choice of scale. 
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Figure 7: Comparison with JETRAD for 
forwardjets. 

6. Future Plans 
Work is underway to understand the differences of quark and gluon jets in D 0 

and possibly devise tags for use in other applications.8 



C. Single-Jet Inclusive Cross Section 

1. Rationale £ 
Single-jet inclusive cross sections & " 

have been available from CDF9 out to A , 0 

llT|l<0.7 for some time. Inthistalk,I § t 

present preliminary measurements from % 15 
y 

D0 covering a range of pseudorapidity 
llr|l<3.0. This is of interest as previous 
measurements at UA2'° did not show 
good agreement with theory at large values 

of Inland this is die first opportunity to see 

if this disagreement persists at Tevatron 
energies. 

Inclusive Jet Cross Section 

SO 100 150 KX> 250 300 150 400 4S0 S00 
Jet Trontverne Energy (Gev) 

Figure 8: D0 single-jet inclusive data. 2. D0 Data 
The D0 data have the resolution unfolded and use a cone size of AR = 0.7 in 

the usual T|, $ space. Figure 8 and Figure 10 summarize the results for four separate 
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Figure 9: CDF differential cross section 
with theory curve superimposed. 
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Figure 10: D0 single-jet inclusive data. 
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ranges in T|. The predictions of theory are given by the solid line and the dashed bands 
indicate the range of variation in the data introduced by uncertainties in the energy 
scale. Good agreement is obtained at this level of precision. 

3. CDF Data 
Figure 9 shows the CDF double-differential cross section as a function of 

transverse energy for jets with lf|l < 0.7. 

The data, which has been corrected for resolution, is indistinguishable from 
predictions of NLO QCD based on MRSD0 structure functions. Plotted also is the 
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Figure 11: Compositeness scale effect. Figure 12: CDF Data-Theory for ft/<0.7 

QCD prediction with the addition of a contact term with a compositeness scale of 1.45 TeV. 
The sensitivity to quark compositeness is better indicated in Figure 11 which 
shows a ratio of data to theory for various choices of the compositeness scale. Figure 12 
shows the CDF single-jet inclusive data in a comparison with theory. Note that the 
agreement is generally good with some deviations at the lowest and highest transverse 
energies. 

4 . Principal Conclusions 

a) CDF 
• the compositeness limit Ac> 1450 GeV, 



• uncertainties in the data are now sufficiently small to constrain parton 
distributions, and 

• agreement with theory (and D0) is excellent. 

b) D0 
• singlejet cross section is in reasonable agreement with NLOQCD. This 

covers a range in rql where disagreement existed at lower energies, and 

• work is in progress on setting limits on quark compositeness. 

D. Direct Photon Production 

1. Motivation 
At low Epthe process is expected to be dominated by QCD-Compton scattering 

(Figure 13) and is thus sensitive to the 
gluon content of the hadron. It could 
also give a good measure of the charm quark 
content of the proton if a c quark is 
detected along with the photon. The 
measurement is made difficult because of 

the large backgrounds of J I 0 , S andT|'s 

which obscure the singlfrphoton signal. Fi&ure 1 3 : T r e e l e v e l Sluon dia^Tam-

2. Strategies for Extracting the Signal 
Both CDF and D 0 use similar strategies for selecting the single-photon 

candidate events. An isolation criterion is imposed, limits are placed on missing 
transverse energy,and the event is rejected if there is an associated charged track. Both 
analyses rely on converting tile photon in material in the detector and then analyzing the 
resulting shower. In D0,the conversion takes place either in the central drift chambers 
or the first layer of the calorimeter (EM-1). The photon is then identified by its 
transverse profile in EM-3, the layer of the calorimeter with the best spatial resolution. 
In CDF, two methods are used: if the conversion takes place in the solenoid magnet 
material, the resulting pairs are measured. Otherwise,the transverse profile of the 
shower is measured in the electromagnetic calorimeter, CES. 
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Figure 14: Data and Monte Carlo for D0 
with no showering in EM-1. 

Figure 14 shows the D 0 data 
with no showering in the first layer of 
the electromagnetic calorimeter (EMI) 
plotted as a function of the photon 
transverse momentum. The two curves 
are Monte Carlo estimates from real 
photons and from QCD background. 
Figure 15 shows the photon fraction as a 
function of its transverse momentum, 
extracted using conversions in tracking 
chambers, conversions in the calorimeter, 
and from a shape analysis in EM-3. The 
dashed lines represent the uncertainties in 
the central value (solid line). 

The resulting D 0 photon cross 
section and comparison to theory are 
shown in Figure 16. Both systematic and -** \ 
statistical error bars are shown. The 
trend of the data is to follow the theory 
even though some deviation could be 

accommodated by the large error bars. 

Figure 15: Photon fractions In D0 using 
three different methods. 
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Figure 16: D0 data and fractional 
deviation from theory. 
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.Figure 76V CDF fractional deviation. 

The corresponding CDF data are shown in Figure 17. The data are of high 
quality and show a clear departure from theory for momenta of less than about 30 
GeV/c. This is made clear when the fractional difference of data to theory is plotted as 
in Figure 18. 

3 . Principal Conclusions. 
• D0 results are in good agreement with QCD-based predictions in the range of 

10-100 GeV. 
• The CDF higher precision measurement departs from predictions at E,. below about 

30 GeV. This could be due to problems with the structure functions used or 
possibly a result of final or initial quark bremsstrahlung which has been 
incompletely treated. 

• Although the D0 data does not show the rising trend at low Ef indicated by the 
CDF result, the systematic error bars are large enough to accommodate such an 
effect. 

E. Rapidity Gaps 
1. Introduction 

Rapidity gaps in collisions were first observed by Cocconi" in cosmic rays. 
Much subsequent theoretical and experimental work led to the ideas of diffraction 
dissociation12 and Pomeron exchange as explanations for this phenomenon. An 
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analysis using the modern language of colorless exchange was initially presented 
by Dokshitzer, Khozcand collaborators!3 but it lay neglected until it was revived 
by Bjorken14 who pointed out its importance at high-energy colliders. 
Schematically, a gap along with a pair of jets is shown in Figure 19. 

The experimental challenge is to find such events in the presence of 
backgrounds that can statistically fake this phenomenon. In a lowest order QCD 
calculation, Bjorken estimated the ratio of "gap" to conventional gluon-exchange 
events with the same jet kinematics to be about 0.1. This can be expressed as: 

/ = - (D 
In this expression,the ratio of the gap to total 
cross section is multiplied by a factor "S" for 
the survival probability of the gap in the 
presence of spectator interactions. 

2. D0 Results 
In the D0 experiment, rapidity gaps 

are sought by counting the number of EM 
towers with transverse energy greater than 
200 MeV. Possible evidence for gaps can 
be seen in Figure 20, which shows a 
multiplicity distribution of such towers for . 
A r i ^ . A quantitative analysis of the data 

is performed by fitting these multiplicity 
distributions to negative binomial 
distributions and determining the excess at 
low multiplicity. The difference of the fit 
and the data is shown in Figure 21 where 

this excess is plotted vs. AT)C. This excess 

is interpreted as evidence for rapidity gaps 

in the D0 experiment. 
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Figure 19: Schematic ofdijet and 
rapidity gap. 

0 0 Prcliminory 

Figure 20: Multiplicity distribution of 
towers with energy. 
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Numerically, the fit yields for the 
excess fraction of events with no energy 

between jets in the range AT),. > 3.0: 

f=1 .4±0 .2±0 .2x l (y 2 , 

where the first uncertainty is statistical, and 
die second,systematic due to the fitting 
procedure. 

The excess cannot be explained by 
detector effects. It is not there in Monte 
Carlo studies and does not appear in a 
control sample of three-jet events,where 
die third jet is removed. The effect is 
consistent with that expected from color 
singlet exchange. 

Figure 21: Measured and predicted 
distributions. 

ommmmvi tamatanatM 

3. CDF Results 
A recent CDF analysis of data from 1988-89 shows evidence for the 

existence of rapidity gaps. Their technique differs from D0 in that they attempt to 
identify gaps by counting charged tracks in rapidity intervals and not energy deposition 

in calorimeters. Events are chosen with at 
" least one energy cluster exceeding 60 GeV, 

and then, the frequency of tracks is 
examined as a function of the rapidity gap 
between the two leading jets. This fraction 
is shown in Figure 22. The flattening of 
the curve represents an irreducible fraction 
of events with zero tracks and thus a 
rapidity gap. As in D0, the fraction of 
rapidity gap events is extracted by fitting 
negative binomial distributions to the track 

multiplicity distributions as a function of T|. 
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Figure 22; CDF background subtracted 
zero-multiplicity events. 
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Comparison is made to a control region 
where no gap is expected. 

The results are summarized in 
Figure 23 which shows a clear excess of 
events in the signal region. No 
comparable signal is seen in the control 
region. The excess is at the level of 
0.0086 ± 0.0012 (statistical) 4O.0024 -
0.0012 (systematic). 

3 New Physics 
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Figure 23: Fraction of zero track 
events in the signal region. 

A. Search for 
Leptoquarks 

Leptoquarks are hypothesized 
objects that couple to leptons and quarks J 
within a given generation. Both D0 and ° 
CDF have produced analyses based on g 
integrated luminosities of 13.4 and 19.7 £ 

o 

pb'J respectively, that place new lower & 
limits on the masses of these particles. 
Figure 24 shows the D0 95% confidence 
limits on first generation leptoquarks. 
Plotted is a curve of branching fraction into 
an electron vs. mass of the leptoquark. 
The limit from this analysis is 130(116) 
GeV if the branching fraction is 
100(50%). 
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Figure 24: D0 limits on first generation 
leptoquarks. 



The corresponding D0 analysis 
results on the search for second generation 
leptoquarks are shown in Figure 25 along 
with the earlier limits from LEP. The 
analysis yields limits of 97.5 GeV and 80 
GeV for the same two choices of couplings at 
a 9596 confidence level. The searches look 
for a high P T muon plus a dijet. The CDF 
second generation analysis actually results 
in two candidate events which are consistent 
with a calculated background of 1.35±0.50 
events. Their limits for the two choices of 
branching fractions are 133 and 98 GeV/c* 
respectively. 
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Figure 25: D0 second generation 
leptoquark limits. 

B. Supersymmetry Searches 
Another active area of new particle searches is the quest for the supersymmetric 

partners of the known fermions and bosons. The current situation summarizing the 
limits set by the LEP experiments and recent 
results from D0 and CDF is shown in 
Figure 26,where the limits are shown on a 
plot of mass of squark vs. the mass of the 
gluino. As indications of the sensitivity of 
the search, we quote die D0 90% confidence 
level limits for two assumptions about the 
mass of the squark: 

• If m(squark) --> infinity, 
m(gluino)>146 GeV. 
• If m(squark) = m(gluino), 
m(gluino)>205 GeV. 

so 100 150 200 290 300 
GUnoMau (GaV/c*) 

350 400 

Figure 26: Gluino mass limits. 
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4 Electroweak Physics 
A. W Mass Measurement 

1. Introduction 
A precision measurement of the W boson mass (Mw) in combination with 

measurements from e + e~ colliders at the Z? pole places strong constraints on die 
parameters of the Standard Model (SM). Among these are the masses of the top quark 
and the Higgs boson which appear in loop corrections to the SM and renormalize M w . 
While the dependence on die Higgs is only logarithmic, for die top quark it is quadratic. 

2. Method and Experimental Considerations 
The mass measurement of the W boson, in bom CDF and D0, is extracted from 

die leptonic spectra of its decays into a lepton and its associated neutrino. In die CDF 
experiment, both electron and muon decays are used whereas D0 uses only electrons. 
Longitudinal energy losses in die detectors preclude a true effective mass measurement, 
and one has to be content with measuring die transverse mass, defined by: 

M\ = 2/»/p/ • (1 - c o s ^ / v ) , < 2) 

where P r

v = —Pr' — Fr"c™' is die missing transverse momentum. The information on 
die W mass is contained in die high mass edge of die transverse mass distribution. Its 
precise determination is complicated by experimental resolution and other detector-
dependent effects. On die positive side, die cross section is large (~2 nb),which yields 
many tiiousands of events even after stringent cuts on die data. 

The mass is extracted from a likelihood fit to die transverse mass distribution 
with all detector effects modeled and die mass itself left as a parameter to be 
determined. The critical issues in this analysis are: 

• the lepton-energy scale, 

• die lepton-energy resolution , 

• die hadronic-energy response , and 

• various production-model assumptions. 



The lepton energy scale in D 0 is 
determined in two, complementary ways. 
First, Z? - > e V events, constrained to the 
7? mass, provide a sample of calibration 
electrons with Ef's near those arising from 
W decays. This calibration is statistically 
limited and currently gives an uncertainty of 
310 MeV. The second method anchors the 

scale on two resonant states, the Z° and J/y, 

found in the experiment This method gives 
an uncertainty in the mass of the W of less 
than 200 MeV and is also dominated by the 
statistical uncertainty in the Z° sample. The 
larger value is used in the current analysis. 
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Figure 27: CDF Z - > ee data. 

CDF uses its central magnetic field and excellent tracking to fix their energy 

scale for muons on the Z° as well as the y/T and T. The resulting massuncertainty of 

the W is 130 MeV. For electrons, the calibration procedures and resulting uncertainties 
are similar for the two experiments. 

Two issues are important for a measurement of the missing transverse 
momentum: the hadronic energy scale already mentioned and the effect of the 
underlying event The two experiments take slightly different approaches to address 
this problem. In CDF, the underlying event is taken from spectator events and the 
hadronic energy scale is derived from Z°data,where the Z° is assumed to have identical 
production properties to the W. In the D 0 experiment, the effect of the underlying event 
is extracted using a W Monte Carlo in association with a library of minimum bias 
events collected over a range of instantaneous luminosities. 

Studies of the hadronic activity accompanying Z?—> e* e* events suggest that the 
simulated events should have added to them 1.1 times the average Ej. of the minimum 
bias events at the same luminosity. The hadronic energy scale is then relative to the 
electron scale with Z° events by balancing the transverse momentum of the 
electromagnetkally decaying Z° relative to the hadronic recoil. The effects of the 
electron resolution is minimized by the appropriate choice of projections of the measured 
transverse momentum components. The resulting comparison of Monte Carlo and data 

is good in all kinematical quantities. Ultimately, the electron energy scale is determined 
from a Z° mass measurement with the calorimeter that is calibrated to the precision 
results from the LEP experiments. 
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Figure 28: D0 Z--> ee data and mass fit. 

The Z° - > e+e~ mass spectrum from CDF is shown in Figure 27, and the 

corresponding mass plot for D 0 along with the X2 plot from a mass fit in Figure 28. 

By virtue of their central magnetic field, CDF is also able to get a high precision 

measurement of Z° - > \i* \£. 
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3. Results 
The CDF transverse mass spectrum for W —> e v is shown in Figure 29 and 

mat for D0 in Figure 30. Not shown is the CDF data of W-> n v, which is of 
comparable quality. Table 1 summarizes the parameters of the fits. Shown are columns 
of data type, number of events, the W mass, statistical error, systematic error, scale 
error for D0,and the result of combining these errors in quadrature. The last row 
shows the best estimate of the W mass and error with the older UA2 data added. In 
making the combined result, correlated errors were properly treated. 

Table 1: W mass values and uncertainties. 
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Figure 29: CDF W transverse mass. Figure 30: D0 W-> e v transverse mass. 

The data in Table 1 is displayed graphically in Figure 32 where the predictions 
from LEP Z° pole measurements are shown as a band and the SLAC asymmetry 
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prediction is given by the solid line with dotted lines indicating one standard deviation 
uncertainties. 

A detailed analysis of the mass uncertainties for D0 and CDF, shown in Figure 31, 
indicates that the largest contributions are statistical followed by systematic effects 
due to resolution and the uncertainties associated with the hadronic energy scale. D0 
includes a separate contribution from uncertainties in the overall electron energy scale, 
while CDF includes a scale uncertainty in quadrature with all other systematic 
uncertainties. All of these effects will be decreased with increased running since the 
scale uncertainties are effectively addressed by detailed calibration of the detector with 
2?'s. There are also prospects for decreasing the scale error in the D0 measurement by 

anchoring it firmly at the low end on n°'s and OT.and Y electromagnetic decays. 
Ultimate mass uncertainties in the 50-100 MeV/c2 range are expected, promising an 
interesting confrontation with the indirect measurements of the W mass,and hence, with 
the Standard Model. The connection of this measurement to the top quark and Higgs is 
shown in Figure 33,where the mass of the top quark is plotted against Mw along with 
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Figure 31: W mass uncertainties. Figure 32: W mass measurements. 
the world average measurement, the predictions from LEP and from SLC. The direct 
measurements are in good agreement with LEP predictions and favor a top mass in the 
range recently reported.15 The SLC measurement favors a larger top mass but the 
discrepancy is less than 3 o~. This situation should be clarified during the next several 
years when additional data from SLD becomes available. 
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Figure 33: W mass as a function of top mass. 

B. Production of Vector Boson Pairs 

1. Introduction 

With Lorentz invariance as the only constraint, 14 parameters are necessary to 

completely specify the WWyandWWZ coupling constants. In the Standard Model, all 

triboson couplings are completely specified,but there are nonstandard models,such as 
those with composite vector bosons, that have anomalous couplings which modify the 
static properties of the bosons and have predictable effects on their production rates and 
kinematic distributions. A class of such models that satisfy gauge invariance for photons 
and do not permit CP violation can be characterized by nonzero values for two 

parameters, commonly referred to as AK and X. Among other effects, they modify the 

magnetic moment of the W: 

/ i w = - i - ( 2 + A x r + A ) ( 3 ) 

and change the production cross section for vector boson pairs: 
O-OC[C,A2 + C 2 AK- 2 ] . ( 4 ) 

In order not to violate unitarity at high energy, form factors have to be introduced in the 
anomalous couplings: 
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In experiments at the Fermilab collider,we look for evidence for anomalous 
couplings in changed production rates or kinematic properties for events containing 

Wy, Zy, WW, WZ,or ZZ bosons. 

2. Experimental 
Results 

As an example of a distribution 
sensitive to anomalous coupling constants, 
Figure 34 shows the photon transverse 

energy distribution for W y events from the 

D 0 analysis and Figure 35 the 

corresponding CDF data. Reasonable 

agreement with SM predictions is obtained 

in both cases and limits on the parameters 

AK, X can be extracted by a statistical 

analysis. The resulting D 0 and CDF limits 

are shown in Figure 36. 

Because the contour limits for the two experiments are nearly identical, they lie on top of 

one «oother and are impossible to separate. CDF Prtlminary 92-93 Data 

The form factor scale is A = 1000 GeV. 
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5 D0 Top Results 

A. Introduction 
If the top mass is greater than M v then it decays into W + b essentially 100% of 

the time,and thus,if a tt pair is produced, its decays will yield the following objects 
with corresponding branching ratios: 

1. Dileptons-rBoth W's decay leptonically 

• en+E T +2bjets BR = 2.5% 

• ee+E T +2bjets BR=1.25% 

• nn+E T +2bje t s BR =1.25%. 

2. Single leptons + jets—Only one W decays leptonically 

• e+ET+jets BR =15% 

• n+E T+jets BR =15% 

• Decays involving T BR = 21%. 

3. All jets—Hadronic decays of the W 

• Six or more jets BR = 44%. 

Although the all-jets channel has a high branching ratio, the overwhelming QCD 
backgrounds make this channel problematic for extracting a top signal. Potentially, the 
cleanest are the dilepton channels albeit with low branching ratios. Also, the lepton-
pluŝ ets channels offer possibilities of background reduction to levels sufficient to 
discover top in the mass range of sensitivity. We analyze each of these latter channels 
in detail and extract background and signal cross sections for several assumptions about 
the mass of the top. 
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B. Dilepton Channel 
The signal for these channels consists of 

• two isolated leptons with high Pr, 

• E T , and 

• hadronic jets. 

The main backgrounds come from the following decay channels: 

• Z -> lepton* + lepton', 

• W*+W'-> lepton* + lepton" + X, 

• Z --> t* + x' -> --> lepton* + lepton' + X , and 

• hadrons faking leptons. 

1. Electron Identification 
The analysis relies on electron identification to limit backgrounds. Electrons are 

chosen according to the following criteria: 

-1.They are identified as energy clusters in the EM calorimeter. 

• They have small leakage into the hadronic calorimeter. 

• Their shower profiles are consistent with electron shapes. 

• There is a spatial match with the inner tracking chambers. 

• They are isolated. 

• The energy loss, dE/dx, in the tracking chambers is consistent with 
electrons. 

2. They are required to lie in the pseudorapidity interval (r|l < 2.5. 

With these criteria,the electron detection efficiency is in the range of 45% to 80%. 



2. Muon Identification 
Muons are identified according to the criteria below. 

There must be a track in the muon chambers. This ensures that the particle penetrated 

14 \ , - 1 8 X„ of material in the form of calorimeter and muon toroids. 

1. Additional requirements: 

• Minimum ionization deposition in the calorimeter, 

• Spatial match with inner chamber track, 

• Consistency with the interaction vertex. 

• Isolation, and 

• Absence of another muon back-to-back with the candidate. 

2. Pseudorapiditycut:hil<1.7 

This results in a muon efficiency of 70%- 85%. 

3. Event Selection 
The event selection criteria for the three dilepton channels are summarized in 

Table 2 below. 

Table 2: Dilepton event selection cuts. 

P.*>12GeV/c P.">15GeV/c 
E T >20GeV 
E T >10GeV E T > 25 GeV 

2 jets with Ej > 15 GeV 2 je t swi thE r >15GeV A<t>w > 140° if E, . < 40 GeV 

The azimuthal angle requirement on the dimuon sample helps ensure that cosmic 
rays passing near the interaction vertex are effectively eliminated from the event sample. 
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Dilepton physics backgrounds come from Z and continuum Diell-Yan dilepton 

production, vector boson pairs (WW, WZ), and QCD production. In addition, the ep. 

and ee modes have a fake electron background Only one event, an ejt pair, survives 

all of our cuts. A plot of 1/PT" versus E / in Figure 37 shows candidate events 
prior to the final jet cut. The surviving event is indicated by an * and has been described 
in some detail.16 Also shown is a Monte Carlo simulation of a substantially larger run 
(21.3 fb"1) showing where 170 GeV/c2 top events would populate the plot. Our 
surviving event is at the edge of the distribution, but consistent with the expectations of 
the model for this top mass. The calculated background is 0.27 ± 0.09 events. 

C. Electron or Muon and Jets 
The signature for this decay mode is one high p,. lepton, E T ,and three or four 

jets. The final event selection included the use of event-shape cuts based on the 
aplanarity, A1,7 and another quantity, H T , which is essentially the sum of the E^'s of the 
jets. The main backgrounds for the single-lepton modes are W + jets, Z + jets,and fake 
electrons. The e + jets fake background comes from multijet QCD events where one jet 
was misidentified as an electron. We estimated the fake electron background for single-
electron modes from the data on the basis of the simultaneous probability for multijet 
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Figure 37: Muon electron plot. 



QCD events to have large E T andforajettobemisidentifiedasanelectron. TheW + 
jets background to the electron events was estimated by extrapolating the observed rate 
forW + ljetandW + 2jeteventstoW+4 ormorejets. This procedure relies on the 

assumption that the number of jets varies as a power of a, which has both 

experimental1* and theoretical" supportand agrees with our data as shown in Figure 38. 

For the muon sample, the W+jets I n' 
background was estimated from that for 
electrons.since in this,case neither the 
trigger nor the E T cut were efficient for 
one or two jets. Figure 39 shows plots of 
A vs. HL for events containing e or Ji and 

four or more jets along with corresponding 
plots for QCD background, background *s 
from W+jets,and a Monte Carlo generated 1 
top signal from a large exposure run. It is 
evident that signal to background is best in • 
quadrant 1, where A > 0.05 and HT > 140 

GeV. The number of » events in a 
quadrant is given by N'g = e'£ • fe • N, 
where N is the total number of observed 
events with four or more jets, £; is the 
fraction of « expected in quadrant 1 and 
fs is the fraction of N that are tt events. 
Similarly, the corresponding background 
is given by N'^-e^-iX-fgyN. 
Given N and the E'S,WC can fit for top 

using Poisson statistics. The results of 
the fit give /„- = 0.27 ± 0.25 for the 

fraction of events in the samplewith four or ,„, 
o 
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more jets. The number of observed events is 4,1,4, and 5 in quadrants 1 to 4.while the 
predicted numbers are 4.3,3.0,2.7, and 4.1. There is a large systematic error (35%) 
from the choice of partitioning the A, Hf plane and a 20% systematic error from the 
uncertainty in calculating the fractions in each quadrant The number of tt events in 
this sample is thus Ns = 3.6 ± 3.3(stat.) ± 1.5(sys.Xwhich leads to a cross section of 
a- = 7.4 ± 6.9 (stat.) ± 3.6 (sys.) pb. In a separate analysis,we show that these 
numbers are consistent with top production and W + jets backgrounds estimated from 
scaling. 

D. Electron and Jets and Mutag 
Since the top decay cascade t->b->c->s-> d has a high probability of 

producing a lepton from a semileptonic decay, detecting the presence of such a "tag" is 
a powerful tool for improving the signaHc-noise ratio. In our case,we use a n. tag 
because of the relative ease of its identification and measurement Approximately 44% 
of tt events contain a soft muon associated with a b jet. In about 20% of it events,the 
soft muon will be detected with the cuts used in this analysis. 

The basic cuts in this analysis include: 

e selection of a tight electron with Er>20 GeV and m, J<2.0, 

• three jets with Ef>20 GeV and rrtl<2.0, 

• ET>20GeV,and 

• a muon with Pi>4.0 GeV and rrj J<1.7. If Pr>12 GeV, (X is required to be non

isolated. 

With these selections,34 events survive all cuts before the ji tag is imposed. 

After all cuts two events remain. 

1. Backgrounds 
There are two major sources of backgrounds in this channel: W + jets with a 

muon, either fake or real,and"fake events" in which QCD multi-jet events fake a 
signal event Both sources of backgrounds are estimated from the data. We attempt to 



calculate backgrounds without muons and then use the measured rates per jet to 
estimate the final backgrounds. 

a) W + Jets + n Tag Background 
We start with a sample of events from our inclusive electron trigger which 

contains predominantly fake events. It may have a different jet Bj distribution than our 
desired W + jets events and the heavy ^ JAG STUDY IN QCD DUET 
quark content could be different We > „ 

& ao therefore compute the muon rate per jet as " jg 
a function of the jet &* We check this rate £ « 

g M 
against a QCD dijet sample (Figure 40 ,»; fjj 
shows the good agreement in muon P, and ° 
radial distribution relative to jet axis), „ 
direct photons,and a sample of multijet § «o 
data. We apply the measured rate to the 
34 events in the sample before the muon 20 
tag and get a background of 0.43±0.14 
events. 

' D U 0.4 O.B 0.0 1 1.2 1.4 1.8 1.8 

AR (/t,jet) 

Figure 40: Muon PT and AR in QCD dijets. 

b) Fake Event Background. 
Starting once again with a sample of inclusive electron trigger events, we divide 

them into two samples: 

1. Events satisfying standard tight electron criteria. 

2. Events that contain an object with EM fraction > 90% but fail the tight electron 
cuts. These are called "bad electrons." 

Using the E T distributions of the two samples, calculate the fake background 

with muon tag. The yield is 6.3 ±1.7 events as background to our sample of 34 W(ev) 

events. We next use the "bad electron" sample to deduce the muon rate per jet as a 

function of E T . This measured rate is then applied to the background before muon tag 

to get the final background estimate from fake events: 0.12 ± 0.05 events. 
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c) Background Checks 
Using events that contain no top, we can check our background estimates. We 

use a sample containing one loose electron, missing Ej> 20 GeV, one jet,and a muon tag. 
We vary the jet threshold and estimate the number of events expected from W + jets and 
from fakes using the same cuts as before. Good agreement between observation and 
prediction is obtained. 

2. Summary of Results of e + Jets + \i Tag 
The signal and background for this channel is summarized in Table 3. Also 

shown are the expected number of signal events for three choices of the top mass. 

E. Summary and Prospects 
We may combine all the channels analyzed above to extract a top cross section 

and associated uncertainty. Doing this.we obtain seven events with a background of 3.2 ± 
1.1 events. The probability that our background fluctuated to give this signal is 7.2%. 
We obtain a cross section of 7.2 ± 5.4 pb at a top mass of 160 GeV/c2. Since the 
acceptance varies with the mass of top, the central values and uncertainties are both a 
function of this mass. Figure 41 is a plot of the theoretical prediction20 for the top cross 
section with both the CDF and D0 measurements superimposed. The theoretical 
prediction is displayed as a band to reflect its inherent uncertainties. Clearly, within 
statistics, the D0 and CDF results are compatible and the D0 result by itself is 
consistent with no top production. 

Table 3: Summary ofe+ jets + mu tag. 



The details of our analysis are further summarized in Table 4 below. Tabulated 
are the efficiency x branching ratio and the number of expected top events as a function 
of top mass for all channels reported, the number of observed events.and the estimated 
number of background events for each channel and whether that channel was included 
in previously published results from D0. 

D0 Preliminary Top Cross Section 

. r . . . t i . . . . i . . . . i 
120 130 140 ISO 160 170 ISO 190 200 

Top Man (C*V/c*) 

Figure 41: Top cross section prediction with D0 and CDF data. 

This paper summarizes the situation as it was in August 1994. Since then.a 
paper summarizing the results of the D0 top search in data taken during the 1992-93 
run has been submitted for publication in the Physical Review Letters. 

Table 4: Summary of final results for all channels. 

,;^:.' e^^fcy/^ 
New? No No Yes No No Yes 

exBR(%) 
140 

0.3210.06 6.1810.02 0.1110.02 ' 1.2±6.j' 0.8±0.2 0.610.2 

140 

6.7210.16 0.4110.07 0.24±0.05 2.8±0.7 1.310.4 1.310.4 6.711.2 

exBR(%) 
160 

o.36±0.07 0.20i0.o3 0.1110.01 1.6±0.4 1.1±0.3 0.910.2 

160 

0.4010.09 0.22±0.04 0.12±0.02 1.8±0.5 0.910.3 1.010.2 4.410.7 

exBR(%) 
180 

0.4110.07 0.2110.03 O.lliO.Ol 1.7±0.4 1.2±0.3 1.110.2 

180 

0.23±0.05 0.1210.02 0.06±0.01 1.0±0.2 0.5±0.2 6.610.2 2.$K>.4 

Bkgrnd. 6.2716.69" 0.1610.07 0.33±0.06 1.2±0.7 0.6±0.5 0.610.2 3.211.1 

jLdt(pb') 13.511.6 13.5±1.6 9.8±1.2 13.5±1.6 9.8±1.2 13.511.6 

Data 1 0 0 2 2 2 7 

VI. Conclusions 
The 1992-93 run analyses have contributed much to our current understanding of 

collider physics and they offer tantalizing glimpses of new possibilities in the future when 
higher luminosities will become available. We have learned much already about QCD 
phenomena including jet shapes, jet production,and the production of direct photons. 
Possible disagreements with predictions based on current structure functions are 
suggestive. In the electroweak sector, the M w measurements are making good progress and 
there is every expectation that substantial improvements are possible with more luminosity. 
There are new and interesting limits on anomalous couplings and in the area of new 
phenomena.the possible phase space is substantially reduced. The situation in the top 
sector is dissatisfying at the present time as there is not sufficient evidence to claim 
discovery. It is here, perhaps, that we anticipate the biggest breakthroughs in the coming 
years with higher luminosities. If the top mass is indeed around 174 GeV as suggested by 
the CDF data, then by the end of this decade.it will be firmly established and its mass will 
be measured with good precision. 
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ABSTRACT 

Progress in precision measurements of electroweak observables at LEP 
continues steadily. The highlights of 1993 are: a new scan of the Z 
line shape with precise beam energy determination by resonant depo
larization, leading to a measurement of the Z width with 1.5 x 10" 3 

precision; first results on absolute cross sections with high-precision 
luminosity monitors; high efficiency 6-tagging with microvertex detec
tors leading to 1% measurements of the Z -V 66 partial width, and of 
the forward-backward 6 asymmetry with jet charge. All other elec
troweak measurements benefit from improved statistics. The basic 
symmetries of the Standard Model (SM) are verified, and electroweak 
radiative effects are now measured with a precision of a few 10~3. The 
results are compared with other precision electroweak measurements 
from SLC, neutrino scattering, and the pp colliders. The consequences 
of the recent evidence for the top quark are drawn out. Precision data 
begin to set significant limits on the Higgs boson mass and on alter
native extensions to the Standard Model. 
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1 Introduction 
LEP performance has improved steadily since 1989. The typical integrated lumi
nosity recorded by the experiments has been: 1.2 p b - 1 in 1989, 7.0 pb~ l in 1990, 
13.0 p b _ 1 in 1991, 23.0 p b _ 1 in 1992, and 35.0 p b _ 1 in 1993. It is hoped to reach 
60.0 p b - 1 in 1994. The luminosity improvement is a product of several factors: 
(i) overall efficiency, now as high as 60%; (ii) increase in 1992 of the number 
of bunches per beam from four to eight with the "Pretzel" scheme; (iii) better 
alignment, monitoring, and tuning procedures allowing now a high beam-beam 
tune shift of 0.04; and (iv) the luminosity lifetime, now well in excess of ten 
hours. Present records (01/08/94) are a peak luminosity of 2.2 x 10 3 1/cm 2/s 
(above design!) and integrated daily luminosity of 1.0 pb - 1/day. Finally, the 
precise determination of the beam energy by resonant depolarization is essential 
for accurate measurement of the Z mass and width. These improvements are 
discussed in detail below; their effect on the precision to which the Z line shape 
is now known is illustrated by Fig. 1. 

Data were recorded by the four LEP experiments with efficiencies around 90% 
at center-of-mass energies around the Z pole. Scanning of the Z line shape took 
place in 1989, '90, '91, and '93; data were taken only at the peak of the resonance 
in 1992 and '94. No data has been recorded above 95 GeV center-of-mass energy. 
With the cross sections decreasing very quickly, a very~ large step in energy is 
required to make this operation worthwhile. This should- happen sometime in 
1996, when the W-pair threshold is in reach with the addition of a large number 
(over 200) of superconducting RF cavities. 

The results given here are based on the 1989-1993 data presented at the 1994 
Glasgow conference, a total of eight million visible Z decays, see Table 1. They 
include preliminary numbers. 

2 A Synopsis of the Measured Quantities 
The building blocks of electroweak physics at the Z are measured cross sections for 
various final states, forward-backward and polarization asymmetries. Assuming 
that Z and photon exchange are the only processes that occur, they can all be 
expressed in terms of the chiral couplings, or more commonly, the vector and 
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DELPHI (preliminary) 
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Figure 1: The DELPHI hadronic cross sections as a function of center-of-mass 
energy. The square points show the considerable statistical improvement from 
the 1993 scan. 



ALEPH DELPHI L3 OPAL LEP 
qq: '90-'91 451 356 423 454 1684 

'92 680 697 677 733 2787 
'93 prel. 653 677 658 653 2641 

Total 1784 1730 1758 1840 7112 
£+£": '90-'91 55 27 40 58 180 

'92 82 69 58 88 297 
'93 prel. 79 71 62 81 293 

Total 216 167 160 227 770 

Table 1: LEP experiments statistics in units of 103 events used for the analysis 
of the Z Jine shape and lepton forward-backward asymmetries. 

axial-vector couplings. In the SM: 

9v/ = (9L/+9Rf) = llf-2Q/sm29w 

9AJ = (9L; ~ 9m) = Ilf 

The Z -¥ ff partial width is given by: 

r ^ 6 s i n ^ w

a c o s ^ w

M 2 ^ + ^ -

The total width is the sum over all open channels. Within very good limits, 
only the fermions of the first three families, with the exception of the top quark, 
contribute to the cross section. 

Around the Z pole, the photon exchange is only a correction to the Z channel, 
which dominates the cross section and can then be written as: 

srery 

(i) 

(2) 

fff = 127r(7ic)s 

T% • (5-MD« + «»& 
(3) 

One can easily see that forward-backward asymmetries or polarization asym
metries are sensitive to the following asymmetry of couplings: 

_4 - 9tf - 9R/ _ Zgy/gAf 
1 9lf + 9%f 9vf+9Af (4) 

For unpolarized beams, the forward-backward asymmetry is: 

(5) 

For the tau lepton, the polarization of the final state fermion is measurable 
as a function of polar angle. For unpolarized beams: 

A i 2 C O J 0 A 

V (COS0) ~ - H^!±_ 
1 "*" i+«u' i »' / t «' / l r 

(6) 

from which one can derive both Ac and AT-
Interesting observables are obtainable if longitudinal beam polarization is 

available. For example, the left-right asymmetry of Z production1,2 

<Jl —OR 
ALR = ~ A 

OL + OR 

and the forward-backward polarized asymmetry,3 

Apoi(/) _ (<ri,F - <TR,F) - {<TL,B - <?R,B) „ 3 ^ 
F B (<TL,F + 0-fl,F) + (Ci.,B+ffR,B) 4 / -

(7) 

(8) 

The values of neutral current couplings and their sensitivity to sin2 0jf are 
given in Table 2. 

/ hi Qf 9AI 9vf A, 0A, 
dsiri' 9!? 

V 111 0 1/2 1/2 1 0 
e -1/2 -1 -1/2 -0.04 0.16 -7.9 
u 1/2 2/3 1/2 0.19 0.69 -3.5 
d -1/2 -1/3 -1/2 -0.35 0.94 -0.6 

Table 2: Numerical values of quantum numbers, neutral current couplings, chiral 
coupling asymmetry Af, and sensitivity of A; for the four types of fermions. The 
value of sin2 # 5 is 0.23. 

2.1 A Strategy of Tests and Radiative Effects 
One can organize the measurements at LEP in two broad classes: (i) the mea
surements providing tests of the SU(2)L x U(l) gauge structure, and (ii) the 
measurements which probe electroweak radiative effects. 



The main consequence of SU(2) t x U(l) invariance is Universality in a global 
sense: the couplings of particles with the same quantum numbers should be the 
same, independently of their family. This is best tested with leptons. Further
more, the chiral couplings of the Z to fermions should all obey the formulae of 
Eq. (1). After correction for radiative effects, the same value of sin 2 0 w should 
match all measured couplings. 

Besides QED radiative effects (emission of real or virtual photons) which 
are conceptually straightforward, LEP observables are sensitive to electroweak 
(propagator or vertex) radiative effects. Electroweak corrections are sensitive4 to 
heavy, yet undiscovered particles, such as the top quark or the Higgs boson, in 
an inclusive way. There are four5"10 main radiative effects at the Z pole: 

• The running of the QED coupling constant a(g 2) from q2 = 0 to g2 = M|. 

• The isospin-breaking loop corrections to the W and Z propagators. They 
are absorbed conveniently in the p parameter, p = 1 + A/9. 

• The running of the Z self-energy, absorbed in the parameter A^Q. 

• The Z -• 66 vertex correction. 

One more parameter, Ar c w , is necessary for the W mass. The propagator 
corrections modify Eq. (1) by an overall scaling factor ^/p and a global change of 
sin2 0y, in a universal way. Nonuniversal corrections are small and—with the no
table exception of the Z -> 66 vertex—insensitive to heavy physics. Furthermore, 
all asymmetries with unpolarized beams and the most precise asymmetry with 
polarized beams are proportional to the electron coupling Ac, while the sensitiv
ity to sin 2# w of hadronic asymmetries is contained in the Ae term [see Eq. (5) 
and Table 2]. It is, therefore, convenient to express all asymmetry measurements 
at LEP in terms of the effective weak mixing angle11 defined as: 

s i n ' a - r s ! ( ! _ £ • ) , ( 9 ) 

where the ratio ^ is extracted from pole asymmetries. This definition absorbs 
vertex corrections for leptons but not for quarks. See Refs. 6, 7, and 12 for 
various avatars of the concept. This definition of sin2 0jf and the MS one 1 3 are 
very close. 1 0 , 1 4 

The relations between LEP observables, the Fermi constant GF, and the QED 
running constant Q ( M | ) - 1 = 128.87 ± 0.12 (Ref. 15) can be written in terms of 

these universal electroweak corrections A/9, A3Q, Ar' w , and 5„(, a s : 9 , 1 0 , 1 0 , 1 7 

M 2 = ^ ^ 
z \/2G F(l + Ap)(l + A 3 < ?)sin 2 Of cos2 6$' 

--) 
An' 

r- - S ^ h o ] " ^ 
r 6 = rd(i+<s„(,); 

M 2 , = _ ™ M > — ( 1 0 ) 

v / 2 G F ( l - A r - ) ( l - ^ ) 

Table 3 summarizes the main observables, their physics output, and the most 
critical technique involved. With this specific choice, these observables are almost 
uncorrelated, from both points of view of statistical and systematic errors. 

3 The Z Line Shape 
The measurements of cross sections by the four LEP detectors are reported 
in Refs. 18-20, and 22. 

3.1 Luminosity Measurement 
The determination of luminosity is based on counting low angle Bhabha events 
e +e~ -» e +e~. Luminosity monitors consist of electromagnetic calorimeters, with 
good spatial resolution, positioned very accurately on each side of the experiments 
near the beam pipe. Bhabha events appear as two back-to-back electromagnetic 
showers, each carrying the full beam energy, as shown in Fig. 2. A thorough dis
cussion of the luminosity measurement can be found in the line shape publications 
by the experiments, and in Refs. 23-26. For a minimum angle 9mln of 29 mrad, 
the selected cross section exceeds 100 nb. The statistical accuracy is better than 
10" 3. The main experimental challenge comes from the l/flji,,-,, dependence of 
the selected Bhabha cross section. An uncertainty on the inner radius R of the 
sensitive region of the luminosity calorimeter induces an error on the measured 
cross section: 

AgBhabh* _ Aflm,„ Afl 
^Bhabha ^mxn -K 



Quantity Main Technologies Physics Outputs 
Relative 
Precision 

Line shape 

M z 

r z 

"had 

Absolute energy scale 
relative cross sections 
line-shape fit (QED rad. corn) 

Relative energy scale 
relative cross sections 
line-shape fit (QED rad. corr.) 

Absolute cross sections 

Iepton, hadron event selection 

input 

A / » 

test SU(2)L x U(l) 

test universality 
f(as,sm*8$,5Vb) 

5 x lO"5 

1.5 x 10"3 

3 X 10- 3 

4 x 10"3 

2 x 1 0 - 3 

^fe o-tagging 6vt, i o - 2 

Asymmetries s in 2 ef 2 x 10- 3 

Table 3: Synopsis of precision neutral current observables at tie Z pole. 

Figure 2: A luminosity event in tie ALEPH SiCAL luminosity monitor. 
Left, front view (x-y): The showers of the electron (side A) and positron (side B) 
are displayed on the same graph. The silicon pads are represented with dots of 
size proportional to tie energy collected. Tie ring shows the radial pad row at 
which the clusters are reconstructed. Right: Side view (r-z) of the two showers, 
with the corresponding energy profiles. 



For the typical value of R (5 cm), a precision well under 25 jum is required 
to match the statistical accuracy. The LBP experiments have upgraded their 
luminosity monitors to provide high-precision knowledge of the inner edge. The 
ALBPH silicon calorimeter (SiC AL) 2 4 was operational from the middle of the 1992 
data onwards. A SiCAL event is shown in Fig. 2. SiCAL is a silicon-tungsten 
sandwich with precision-machined planes of silicon pads for energy readout. The 
fiducial cut #„,,•„ is made on pad boundaries, where the position resolution is 
optimum. The radius of the pad boundaries is known with a precision of better 
than ten microns. 

The other experiments have made similar improvements to their luminosity 
measurement: OPAL25 with a detector similar to the ALEPH SiCAL, operational 
in 1993, giving a precision of 0.07%; L3 (Ref. 26) with a precision silicon tracker 
positioned in front of the BGO luminosity calorimeter, Fig. 3, operational in 
1993, obtains a 0.16% precision; DELPHI with a silicon telescope operational 
from 1992, and a lead/scintillator/silicon sandwich that should be operational in 
1994. The breakdown of experimental systematic errors for ALEPH, OPAL, and 
L3 is shown in Table 4. 

At low angles, the Z contribution is less than 5.10 - 4. The Z-7 interference 
is small at the Z pole but can be as large as 6.10 - 3 oiF the pole, leading to a 
small correction that affects only the Z mass. Other low-angle QED-processes 
such as e +e~ -> 77 are small (2 X 10~4) and well calculable. The calculation of 
radiative corrections to the Bhabha scattering cross section itself is made delicate 
by the interplay of experimental cuts with higher order processes that are not 
simulated. No single-event generator has a complete account of the corrections, 
so the estimate presently involves a combination of: (i) event generation with BH-
LUMI,27 a multiphoton 0(a) Monte Carlo with exclusive exponentiation (many 
radiative photons are generated, assuming successive occurrence of the first-order 
process); (ii) complete electroweak first-order QED calculations;28 and (iii) esti
mate of higher order processes by leading-log and second-order calculations.29 ,30 

The present estimate of the theoretical error is ± 0.25% for a minimum angle of 
25 mrad, larger than the experimental one. Hard work is taking place to reduce 
the error31 down to < 10~3. 

Luminosity 
Monitor 

RB24 Active lead ring* 

Figure 3: Side view of the L3 detector, showing the new low-angle silicon lumi
nosity tracker (SLUM). 
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Syst. Err. (10-") 
Source ALEPH OPAL L3 
Backgrounds 
- Beam particles 0.3 0.1 -
- "Physics" sources 1. 0.1 -
Trigger eff. 0.02 <0.01 -
Reconstruction 0.1 - -
Radial fid. cuts: 
- mech. precision 2.9 3.6 3.3 
- beam position 3.0 2.1 -
- long, position 3.5 0.6 6.0 
- asymmetry cuts 2.6 2.6 -
Shower param. and 
energy cuts 3.6 3.8 -

Acoplanarity cut 0.5 - -
or evt. selection - - 9.0 

Simulation stat. 6.0 3.7 10. 
TOTAL Exp. Error 9.5 7.2 15.6 

Table 4: Systematic errors for the ALEPH SiCAL, OPAL Si-W, and L3 Si-
tracker+BGO luminosity measurement. 

3.2 Selection of Hadronic and Leptonic Events 

Decays of the Z into qq pairs are not separately identified but generically la
beled as hadrons. The selection efficiency is very large, typically 97% to 99%, 
and the resulting systematic errors rather small, see Table 5. Energy-dependent 
corrections come from the subtraction of the "two-photon" background and from 
energy variation of the selection efficiency, leading to systematic errors of less 
than 1 MeV on the Z width. 
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ALEPH DELPHI L3 OPAL 
'92 '93 

prel. 
'92 '93 

prel. 
'92 '93 

prel. 
'92 '93 

prel. 
£«tp. 0.15% 0.09% 0.38% 0.28% 0.5% 0.16% 0.41% 0.07% 

o. 

Or 

0.14% 
0.4% 
0.5% 
0.3% 

0.14% 
0.4% 
0.5% 
0.3% 

0.13% 
0.59% 
0.37% 
0.63% 

0.13% 
1.2% 
0.5% 
0.8% 

0.15% 
0.3% 
0.5% 
0.7% 

0.11-0.14% 
0.25-0.76% 
0.45-0.57% 

0.54% 

0.20% 
0.22% 
0.19% 
0.44% 

0.20% 
0.23% 
0.22% 
0.46% 

A F B 

A « 
A F B 

0.0029 
0.001 
0.0005 

0.0029 
0.001 
0.0005 

0.003 
0.001 
0.0017 

0.003 
0.002 
0.002 

0.002 
0.002 
0.003 

0.005 
0.001 
0.004 

0.002 
0.001 
0.002 

0.002 
0.001 
0.002 

Table 5: The experimental systematic errors for the analysis of the Z line shape 
and lepton forward-backward asymmetries. The errors quoted do not include the 
common uncertainties due to the LEP energy calibration and to the theoretical 
error on the Bhabha cross-section calculation. For L3 cross sections, the range of 
errors corresponds to the different center-of-mass energies. For the treatment of 
correlations between the errors for different years, see Refs. 18-20, 22. 

Leptonic decays of the Z, e +e~ -* e +e~, e +e~ -> fi+ft~, and e +e~ -r r + r ~ of
fer much simpler topologies than hadronic decays. They are however less frequent 
(1:20), and, since they have fewer tracks, are easier to miss. The experimental 
uncertainties are summarized in Table 5. 

The e +e~ mode is affected by the t-channel Bhabha scattering process, which 
has to be subtracted. Leading second-order calculations are available,32 and the 
procedure introduces a negligible systematic error. 

3.3 The Beam Energy 

The LEP data were taken in 1990-1991 at seven different center-of-mass energies 
interspaced by 1 GeV from 88.25 GeV to 94.25 GeV. In 1992, all data were taken 
at the Z pole. In 1993, a scan of the Z line shape was performed again at the 
energies of 89.4,91.2, and 93 GeV. The 1993 energies were chosen (i) to minimize 
the statistical error on Tz, and (ii) to obtain beam polarization that allows precise 



energy calibration by resonant depolarization for all three points.33 

Transverse spin polarization builds up in a storage ring by the Sokolov-Ternov 
effect.34 It has been observed in all storage rings where it has been searched 
for,35 and in LEP since 1990 (Ref. 36). Resonant depolarization has been used 
previously in e +e~ machines, providing accurate measurements of the masses of 
the J/t/>, V, T, T', at VEPP4 in Novosibirsk,37-38 at DORIS in Hamburg,39 and 
at CESR in Cornell.40 It was first performed in LEP in 1991 (Ref. 41). 

The spin precession frequency is determined as follows: a fast kicker gener
ates a periodic perturbation to the beam (and its spin). If the perturbation is 
in resonance with the spin precession, one observes a sharp decrease or even re
versal of the measured polarization. The number of spin precessions per turn, 
or spin tune, v is obtained by dividing the spin precession frequency by the 
revolution frequency. It is directly related to the beam energy by the anoma
lous magnetic moment ae = s*— = 1.1596521884(43) x 10~3 and the mass 
m e = 0.51099906(15) MeV of the electron: 

ge-2Ebeam_ E b c a m(GeV) 
^ - 0.7 - - 2 — ^ 7 - ~ 0.4406486(1) ~ 1 0 3 " 5 a t ^ Z P ° l e > ( 1 1 ) 

The intrinsic resolution of the method is better than 200 KeV,4 2 see Fig. 4. 
However, energy measurements are delicate and performed only seldomly, four 
times in 1991. In 1993, they were made more compatible with normal physics 
operation and performed 25 times, roughly in a third of physics fills. The ex
trapolation to the whole scan data requires tracing in time the properties of the 
magnets, current, field, and temperature, as well as the geometrical properties 
of the ring. The analysis of the accumulated data is performed in collaboration 
by the accelerator physicists and members of the LEP collaborations within the 
LEP Energy working group.4 3 

The most spectacular source of energy variations comes from ground motion. 
Because of the strong focusing of LEP, these movements are amplified by a factor 
of nearly 104, so that a small expansion by ±10~ 8 leads to a potential error on 
the Z mass and width of 10 MeV. Terrestrial tides4 4 are one strong cause of 
such variations and were indeed observed,45 see Fig. 5. All known sources of 
fluctuations being removed, the LEP energy calibrations of 1993 still show a full 
swing of more than 20 MeV of the beam energy. Careful investigations of the 
beam orbit measurements46'47 show that the observed energy jumps are correlated 
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Figure 4: Measurement of the width of the artificial depolarizing resonance, show
ing a width of 200 KeV. 
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Figure 5: Beam-energy variations measured over 24 hours compared to the ex
pectation from the tides. 
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with orbit movement, especially visible in September 1993 when a century record 
of rainfall took place! 

The present knowledge of the beam energy leads to systematic errors of 4 MeV 
on the Z mass, and 3 MeV on the Z width, before correction with the orbit. It is 
hoped to reduce these errors to about 2 MeV when the analysis of the measured 
orbits is complete. 

3.4 Forward-Backward Asymmetries for Leptons 

The lepton forward-backward asymmetry A ^ is a steep function of center-of-mass 
energy, as can be seen in Fig. 6. This leads to some sensitivity to initial state 
radiation and beam energy uncertainties, which induces a correlation with the 
Z mass. The lepton forward-backward asymmetry can also be used to constrain 
the Z-photon interference term. For these reasons, the line-shape fit includes the 
leptonic forward-backward asymmetries. 

The initial state radiation effect is treated with great detail in Ref. 49 and 
implemented in fitting formulae, such as MIZA51 and ZFITTER,54 together with 
photon-exchange terms. It is believed that the QED corrected Z-pole asym
metry of Eq. (5) can be extracted from the measured one with an accuracy of 
0.0008 (Ref. 49). 
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Figure 6: The OPAL fitted forward-backward asymmetries for electron, muon, 
tau, and inclusive lepton final states. The lines are the results of a global fit to 
the line shape and lepton asymmetries. 
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Figure 7: One standard deviation contours (39% probability) in the R/-ApB plane. 
The SM prediction for Mz = 91.1895 GeV, M t = 150 GeV, M H = 300 GeV, 
a, = 0.123 is shown as a dot. The arrows correspond to SM predictions for 
50 < Mt(GeV) < 250, 60 < MH(GeV) < 1000, and a,(M|) = 0.123 ± 0.006. The 
arrows point towards increasing M t, MH, and a 4 . 



The extracted asymmetry is insensitive to the absolute energy scale of LEP, 
but it is sensitive to the relative distance of the scan points from the Z peak. 
Therefore, a 10 MeV point-to-point error results in an uncertainty of 0.0008 on 
AFB, fully correlated for the three lepton types. Because of the interference 
with the t-channel, the dependence of the e + e" asymmetry on beam energy is of 
opposite sign than for the other two leptons, see Fig. 6. The effect is thus reduced 
in the average lepton asymmetry. 

ALEPH DELPHI L3 OPAL Average xVd.o.f. 

Re 
R„ 
Rr 

20.67±0.13 20.96±0.16 20.94±0.13 20.90±0.13 
20.91±0.14 20.60±0.12 20.93±0.14 20.85±0.10 
20.69±0.12 20.64±0.16 20.70±0.17 20.91±0.13 

average over leptons 

20.86±0.07 3.0/3 
20.82±0.06 4.5/3 
20.75±0.07 2.3/3 

20.795±0.040 1.4/2 
A & X 10" 
Agg x 10" 
A F

r ] x 10" 

212 ±53 207 ±73 109 ±81 60 ±66 
189 ±38 128 ±36 132 ±47 124 ±34 
253 ±42 209 ±56 299 ±73 193 ±43 

average over leptons 

156 ±34 4.1/3 
143 ±21 2.0/3 
230 ±26 2.1/3 
170 ±16 8.0/2 

Table 6: Lepton universality tests, R< and Apg, are extracted from the nine-
parameter fits to the data of the four LEP experiments. 

ALEPH DELPHI L3 OPAL Average X2/d-o.f. 

M z(MeV) 91191.5±3.3 91186.9±3.3 91190.0±3.6 91186.2±3.6 91188.7±1.7±4 1.6/3 

r z(MeV) 2495.9±5.5 2495.1±5.2 2504.0±5.1 2494.6±5.5 2497.6±2.7±2.7 2.2/3 

<t°w 41.59±0.08 41.26±0.13 41.45±0.11 41.48±0.12 41.49±0.05±0.10 4.7/3 

R< 20.730±0.078 20.690±0.090 20.859±0.088 20.864±0.076 20.795±0.040 3.4/3 

A% x 10" 216±25 160±28 168±35 137±24 170±14±8 5.5/3 

Table 7: Line shape parameters from the four LEP experiments,1*'20-22 combined 
according to Ref. 48. 

- 257 -

3.5 Results on the Z Line Shape 
Once the cross sections, asymmetries, and energies are determined, a fit is per
formed to unfold the pure Z contribution from the photon contribution and the 
initial state radiation. 

Two different fits are usually performed. First, to verify lepton universality, a 
nine-parameter fit: M z , Tz, < f ' ° , R e, R,,, R r , A&, AJ& and A&. The results 
are shown in Table 6 and Fig. 7. The accuracy of the test is 0.35%. Within this 
precision, the values of R* and A F 'B for all leptons are consistent with each other, 
with a maximum discrepancy of two standard deviations for Apjj. This being in 
agreement with lepton universality, one can thus make this assumption and fit for 
one leptonic width T< defined as the partial Z decay width into a pair of massless 
leptons, and one asymmetry Apg. The result is shown in Table 7. 

The correlations between these parameters, given in Table 8, are small. The 
LEP averages are performed taking into account the common systematic errors: 
(i) the beam energy errors; (ii) a common error of 0.25% on absolute cross sections 
from the theoretical uncertainty on aohabha; and (iii) a common uncertainty of 
0.0008 on lepton asymmetries due to the accuracy of the QED radiation. The 
agreement between experiments is acceptable, as shown by the values of x 2 for 
three degrees of freedom given in Table 7. 

One can extract from these numbers the values of N„, so that the line-shape 
results for LEP can be summarized as: 

M z = 91.1895 ± 0.0017 ±0.0040LEP, 

T z = 2.4969 ± 0.0027 ± 0 . 0 0 2 7 L E P , 

N„ = 2.988 ±0.010 ±0.019 l h, 
Re = 20.795 ±0.040 . (12) 

This, clearly, is consistent with three species of light neutrinos (with mass smaller 
than Mz/2). An important derived parameter is the leptonic partial width: 

Te = 83.96 ±0.18 MeV. (13) 

From the average value of Apjg, one can derive a value of the effective weak mixing 
angle: 

sin2 6f = 0.23107 ± 0.00090. (14) 



rz 
_pcak,0 
ffhad R< A F B 

M z 0.04 0.01 -0.01 0.04 

rz 
-0.11 0.01 0.00 

pcak.O 
CThad 0.13 0.00 

R< 0.01 

Table 8: Correlation matrix for the parameters of Table 7. 

4 Partial Widths into Specific Flavors 
Because it belongs to the same multiplet as the heavy top quark, the Z -4 66 par
tial width receives a specific vertex correction, sensitive uniquely to the top quark 
mass. 5 3 In order to measure the Z -f 66 partial width or the 6 forward-backward 
asymmetry, the first step is identification of 6 events, or "6-tagging." 6-tagging is 
interesting for many reasons. Besides allowing electroweak measurements, it is 
a key tool in selecting clean 6 samples for study of exclusive 6-quark properties, 
B°B° mixing, and even as a secondary tool for searching for the Higgs boson, 
which is expected to decay primarily into 6-quarks, if it is not too heavy. The 
topic has received the devoted attention of a large fraction of the LEP experi
mentalists, with many new techniques and refinements.- A good review can be 
found in Ref. 54. The best quantity to measure is R* = jA-, where the 6-vertex 
correction is nicely isolated with little theoretical uncertainty.17 The methods 
group in three categories: tagging with leptons, event shape, or displaced vertex. 

The oldest technique is 6-tagging with high P, P x leptons. Leptons are iden
tified among all charged tracks in hadronic events and selected on their longi
tudinal or transverse momentum with respect to the nearest jet. Charm-decay 
background is separated statistically from a global fit to the lepton distributions. 
As a result, the 6 partial width that is extracted this way is strongly correlated 
with assumptions made on the charm decays. The efficiency is reduced to less 
than 10% by (i) the leptonic branching ratio (40% for either 6 into either elec
tron or muon), and (ii) the high P,Px cuts necessary to isolate a pure sample. 
Typically, a purity of 80% can be reached with an efficiency of 5%. The heavy 
flavor analyses using lepton tagging are described in Refs. 55-58. 

Figure 8: A fully reconstructed example of a Z -> 66 event. Here a B, is identified 
by its decay Ba -> ip'<j>. The 1}/ decays into two muons and the <j> into two K's. 
Left: front view (x-y). Right: expanded view of the vertex showing the VDET 
hits, and the reconstructed primary and secondary vertices. 



Event-shape analyses have, in principle, the advantage of using all events. 
Various kinematical variables can be reconstructed in jets that are sensitive to 
the presence of a heavy, fast object decaying isotropically. An efficient variable is 
the boosted sphericity product and variations thereof. Such analyses are described 
in Refs. 59-61. 

Vertex tagging is the area where most progress has been accomplished in the 
last year. The tool of identification is now the long (1.5 ps) lifetime of the 6-
hadrons, associated with their large decay multiplicity. As a consequence, events 
containing a b-quark tend to contain several charged tracks originating from a 
secondary vertex situated several millimeters from the main interaction point, as 
can be seen in the beautiful example shown in Fig. 8. To perform this task, the 
LEP experiments are equipped with high-precision vertex detectors. The LEP 
experiments have used various characterizations of the detached secondary vertex 
properties. ALEPH6 2 and DELPHI6 3 have used the product of probabilities of 
the tracks to extrapolate back to the vertex, while OPAL6 4 selects signal and 
background control samples on the basis of impact parameter significance S/a{5), 
see Fig. 9. The L3 detector is being upgraded to include a vertex detector to be 
operational in 1994. 

Since the production and decay of 6-hadrons is not very well-known, the tag
ging efficiency cannot be calculated with certainty. However, there are two b's per 
Z —> 66 event, and use is made of the double-tag method to measure the tagging ef
ficiency from the data, by comparing the rates of single-tagged and double-tagged 
events. Only backgrounds and hemisphere correlations have to be calculated from 
Monte Carlo. The backgrounds come mostly from light quarks which fake the 
tag. u,d, and s quarks can fake a lepton tag because of a misidentified hadron, or 
the vertex tag because of secondary vertices (strange particle decays or secondary 
interactions). Charm constitutes a more serious background, as it is a source of 
prompt leptons and of secondary vertices, albeit with lower multiplicities. The 
:harm background estimates require good knowledge of charm production and 
\re presently the dominant source of systematic error. 

The hemisphere correlations are mostly of geometrical nature, since the two 
> quarks in an event are emitted back-to-back and tend to hit the detector inho-
nogeneities in a correlated manner. However, there are some physical causes to 
:orrelations, such as hard gluon emission that reduces 6 momenta on both sides 
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Figure 9: Decay length significance distribution in OPAL. The events with for
ward tags provide the b signal, and those with backward tags a control sample 
for resolution and light quark background. 



of an event. Better control of systematics can be obtained by calibrating one of 
the tagging methods against another (mixed tag). The most precise methods are 
those using the vertex tag, and the least precise systematically are those using 
event shape variables. The results are summarized in Table 9. The experimental 
results in this table have been corrected to a partially harmonized set of input 
parameters, and the average performed taking into account common sources of 
errors, by the LEP electroweak working group. 4 8 , 9 2 

Method Experiment j^Jj 

value exp. error modeling error 

High P, Px 

lepton tag 

ALEPH 0.216 ±0.006 ±0.005 

L3 0.2187 ±0.008 ±0.008 

OPAL 0.2252 ±0.011 ±0.007 

DELPHI 0.2145 ±0.0089 ±0.0066 

Event shape 

variables: 

ALEPH (mixed) 0.228 ± 0.0054 ± 0.004 

L3 0.222 ±0.003 ±0.007 

Microvertex tag: DELPHI 0.2214 ±0.0020 ±0.0028 

ALEPH 0.2187 ±0.0022 ±0.0026 

OPAL 0.2171 ±0.0021 ±0.0021 

Average for SM jr^- 0.2192 ± 0.0018 

Table 9: tA- measurements at LEP. The numbers have been shifted to a common 
« bid 

set of parameters and the averages have been computed as described in Refs. 48 
and 92. They are, therefore, not necessarily identical to the numbers given by 
the experiments. Errors that would result from floating the charm partial width 
are not shown. 

The main background to 6-tag being charm, there is a large correlation be
tween the 6 and c partial widths. If the measurement of —^ is to be interpreted 
within the SM, jr*- is essentially fixed to its SM value, even if one lets sin2 0jf and 
<5„(, float independently of each other. On the other hand, it is also interesting to 
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measure TA- and J^- independently. In this case, the result of Table 9 becomes: 

•^-= 0.2202 ± 0.0020, 
Thad 
= £ - = 0.1583 ± 0.0098, (15) 
ihad 

with a correlation of —0.40 between these two numbers. 

5 Measurements of the Effective Weak Mixing 
Angle 

5.1 r Polarization 
In the case of the r lepton, the charged decay provides us with a final state 
polarization analyzer.65-66 The ALEPH,67 DELPHI,68 OPAL,69 and L3 (Ref. 21) 
collaborations have presented results for the following five decay channels: T -4 
nuT (B.R. 12%), r -> evtvT (B.R. 18%), T -> \iv,,vr (B.R. 18%), T -> puT -> 
7r_7r°vr (B.R. 24%), and r -=> o.\vr -> 7r_7r+7r°i/T (B.R. 8%). The analyses do 
not distinguish here the nature of the charged hadron; channels with kaons are 
included as well, but have very similar spin properties. 

-The extraction of the r polarization is illustrated in Fig. 10. For the lepton 
and 7; channels, all the information is contained in the momentum spectrum of 
the charged particle, which is fitted to a linear combination of the distributions 
for positive and negative helicities. For p and a\ decays, the full information 
must be retrieved by a full analysis of the decay products, as shown by Rouge70 

and developed in Ref. 71. For the T -4 pur decay, the r helicity affects the 
distributions of both r and p decay angles in a way that depends on the ir~ifl 
mass. This set of observables, {£}, defines the final state. The probability density 
functions for the ±1 helicity, W* ({£}), are used to build an optimal variable 
"({£}) = (W+ ~ W-)/(W+ + W-){{S}) and fit the r polarization. For the au 

the decay is defined by six variables. Full use of the density function in this set 
makes the oj channel more sensitive than the leptonic one. 

By analyzing the polarization as a function of polar angle, one can derive both 
the average r polarization, VT, and the forward-backward polarization asymmetry 
Apa , as shown in Fig. 11. The results in the individual channels from the LEP 
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Figure 10: Extraction of the r polarization in L3. (a) r -r yo*^vT; (b) r -» evcvT; 
(c) r -J- ?«/„• (d) r -4 pz/r. The full line is the result of the fit, which is a linear 
sum of the components due to positive (dotted line) or negative (dashed line) r 
helicities. 

experiments are summarized in Table 10. The measurements are compatible with 
each other. It can be seen also that experimental systematic errors on AT are 
now almost as large as the statistical ones. Improvements will require ingenuity! 
Systematic errors on Ac are, on the other hand, very small. 

Channel ALEPH DELPHI OPAL L3 
Vr X 103 

evevT -214 ± 65 ± 33 -130 ± 76 ± 81 -85 ± 58 ± 45 -127 ± 79 ± 24 
flUpVr -123 ± 55 ± 27 -33± 68± 41 -80 ± 54 ± 33 -254 ± 72 ± 28 
1tUT 

-148 ± 26 ± 11 -192 ± 38 ± 40 -143 ± 37 ± 30 -128 ± 36 ± 28 
pvT -90± 24± 18 -119 ± 28 ± 31 -157 ± 24 ± 15 -166 ± 28 ± 17 
a\vr -144 ± 42 ± 22 -184 ± 66 ± 59 N.A. -250 ± 128 ± 34 

AT X 103 

All 137 ±12 ± 8 144 ±18 ±16 153 ±19 ±13 144 ± 13 ± 15 
A x l O 3 

All 127±16±5 140±28±3 122 ±30 ±12 154 ±20 ±12 

Table 10: Results of the r polarization analyses for individual channels from the 
LEP experiments. For ALEPH and L3 values of individual channels, only 1992 
data are shown. 

The extraction of VT assumes that the r decays through maximally parity 
violating V-A charged current. The errors in Table 10 do not allow for possible 
violation of this assumption. It is possible, however, to place constraints on the 
T neutrino helicity £ by studying the correlation between the helicities of the two 
r 's in an event. The ARGUS72 (at DESY) and ALEPH 7 3 collaborations have 
performed such analyses, yielding: 

# / r = -1.25 ± 0.23 ±83f (ARGUS) and 
fyT = -0.99 ± 0.07 ± 0.04 (ALEPH). 

This confirms beautifully that the r family has the same multiplet structure as 
the electron and muon. If one uses this empirical value for the vT helicity, a 
common error of AVT = 0.015 has to be added to the results of Table 10. The 
polarization results can be expressed as a measurement of the r and electron 



couplings, or of sin2 fljf: 

AT =0.143 ±0.010 sin2flf = 0.2320 ±0.0013, 
Ae =0.135 ±0.011 sin2 6f = 0.2330 ±0.0014. 

The values of AT and Ae are essentially uncorrelated and in good agreement with 
lepton universality. 

5.2 Light Quark Asymmetries 

In principle, the quark asymmetries A{?£ offer better sensitivity to the measure
ment of couplings and sin2 0jf than the leptonic forward-backward asymmetries, 
as well as better event statistics. However, it is difficult to tag specific quark final 
states and to measure their charge. 

Inclusive hadronic charge asymmetry measurements have been carried out 
by ALBPH,74-75 DELPHI,76 and OPAL.77 The method is based on the premise, 
first suggested by Feynman,78 that the original quark charge is carried out by 
the resulting jet of particles. This property has since been verified in several 
reactions where the original quark flavor is known, in particular (anti)neutrino 
or muon deep inelastic scattering.79 

The method used by ALEPH and DELPHI is described here. OPAL used a 
different one, based on the three highest momentum particles, with somewhat bet
ter statistical sensitivity. Each event is separated in two hemispheres, according 
to the thrust axis. The momentum-weighted hemisphere charge is constructed: 

n _ SF.B p||i qi . . 
QF,B = - = — - r r , (16) 

i->F,B P||I 
where q; is the charge of particle i, p||> its momentum projected on the thrust axis, 
and K is a parameter that is varied for systematic checks. Maximum sensitivity 
is found for K = 1. A good estimate of charge for each event is the difference 
between the forward and backward hemisphere QFB = QF — QB. 

A significant average charge asymmetry, <QFB)I is observed for the inclusive 
hadronic event sample. The expected charge asymmetry is given by: 

<QFB>= Z S,A&p-, (17) 
quark flavors had 

where Sj, the charge separation, is the average charge difference between the quark 
and antiquark hemisphere: 8/ = (Q/ — Qj). The forward-backward asymmetries, 
see Eq. (5), are all positive, but the signs of the charge separations are different. 
This results in a large cancellation, already at parton level. 

The experimental uncertainties are small, but the interpretation of (QFB) in 
terms of sin2 6$ is affected by the uncertainty in the calculation of the charge 
separations. This is estimated by varying the parameters of the hadronization 
models, and, by comparing various models. The experiments find different values 
for the charge separations, which can be traced to a different choice of input pa
rameters in the simulation, and of the decay tables for heavy flavored particles. 
The most critical parameters in the simulation of light quark charges are those 
controlling pair production of strange particles and baryon pairs. Improved un
derstanding of particle composition and correlations in jets will help in reducing 
these errors. The decay tables of heavy particles will remain incompletely known, 
and the solution is probably to measure directly the heavy quark jet charges by 
means of tagged events. 

ALEPH has presented a preliminary analysis,75 where the fragmentation sys
tematic error is reduced by using a direct measurement of the 6-jet charge, based 
on lepton and lifetime tagged 6 samples, as well as a constraint obtained by mea
suring the quantity (QF • QB) • It can easily be shown that, for a sample consisting 
only of one type of quark / , and up to small correlation terms, 

<Qp-QB>a-f. (18) 

This method can be used for a selected 6 sample to measure St,. In the inclusive 
sample, (QF-QB) measures a weighted sum of the squares of the charge separations 
but still constrains usefully some of the fragmentation parameters (unfortunately, 
not strange particles and baryon pair production!). The results are expressed in 
terms of sin2 6^. QCD corrections and B° mixing are automatically taken into 
account by the method. The present status is given in Table 11. 

By selecting events with a fast K* and A, an enriched sample of signed s5 
events can be obtained. This is possible in DELPHI thanks to the particle iden
tification provided by the Ring Imaging Cherenkov.80 The mass of a particle of 
momentum P is measured by the Cherenkov angle 6C as: m = .P.n. cos 0,.. Kaons 
are well-separated for momentum between 10 and 18 GeV, as shown in Fig. 12. 
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Figure 11: Angular dependence of the r polarization in ALEPH. The lines show 
the result of a fit to Eq.(6)ih case one does (dotted line) or does not (full line) 
assume lepton universality. 
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Figure 12: Mass reconstruction with the DELPHI RICH. 
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Expt. Status s/u EW Prog. QCD Cuts s i n 2 ^ 

ALEPH 89-90 publ. 
89-92 prel. 0.315±0.045 EXPOSTAR No No 0.2317±0.0013±0.0011 

DELPHI 90-91 publ. 0.315±0.045 ZFITTER Yes No 0.2345±0.0030±0.0027 
OPAL 90-91 publ. 0.285±0.050 ZFITTER Yes S < 0.12 0.2321±0.0017±0.0028 

Average - 0.2320±0.0011±0.0011 

Table 11: Summary of the determination of sin2 0$f from inclusive hadronic charge 
asymmetries at LEP. 

The expected purity for this mass range is 42% of s quarks of the right sign, 
and the expected asymmetry is —0.04. A significant asymmetry is measured, see 
Fig. 13. Similar, though less precise, analyses are obtained with A's. Fast K° 
and neutrons, detected in the hadron calorimeter, provide an unsigned tag for 
sH and dd events. This can be combined with jet charge to measure the down-
quark asymmetry. The measured asymmetries81 are consistent with the SM value 
0.0937: 

K*: 0.118 ±0 .03W±0.016 s y s l . 

A: 0.135 ±0.055, u l .±0.037 s y s t . 

K°,n: 0.111 ±0.031 s t a t. ±8:81! »yst. 

5.3 Heavy Quark Asymmetries 

The asymmetry can also be measured for individual quark species if one is able 
to: 

• Tag the specific quark flavor. This can be done for 6 and c quarks by means of 
their semileptonic decays, which produce prompt leptons. High Px leptons 
tag 6 quarks; low Px leptons are enriched in c quarks. Another possibility 
for 6's is the lifetime tag and for c the recognition of a high-momentum D 
meson. 

• Measure the scattering angle. The thrust axis of the event is usually used as 
a measure of the original quark-antiquark direction before fragmentation. 
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Figure 13: 'Measured charged K asymmetry in DELPHI. 
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• Assign an orientation to the event axis defined above. In the selection with 
leptons or with D mesons, the sign of the lepton or the flavor of the meson 
can be used. In case the event is recognized by lifetime tag, one can use the 
jet charge (as in the inclusive sample) to measure in a statistical way the 
asymmetry. 

All LEP collaborations have performed an analysis using lepton tagging. 5 5 ' 8 2" 8 4 

There, the prompt lepton samples are analyzed in a global way to extract simulta
neously the 6 and c partial width, the direct and cascade semileptonic branching 
fractions, the inclusive B° — B" mixing, and the 6 and c asymmetries. The 
asymmetry has to be corrected for QCD radiation85 (3% correction), and for the 
experimental effects associated with the event axis determination and its orien
tation with a lepton (a few%). 

ALEPH,86 DELPHI,87 and OPAL88 have presented the asymmetry measured 
from jet-charge in the lifetime-tagged lepton sample. The weakness of the inclu
sive jet charge asymmetry described above, namely the dependence upon frag
mentation parameters, is avoided by determining the b charge from the data using 
the charge correlation between opposite hemispheres, Eq. (18). As mentioned be
fore, no QCD correction is necessary with this method. 

The charm asymmetry is also measured with D mesons by ALEPH,8 9 DEL
PHI, 9 0 and OPAL.91 

The averaging of these results is a very delicate enterprise. A preliminary 
procedure is attempted by the LEP electroweak working group. 4 8 ' 9 2 The results 
are corrected for photonic effects to obtain the pole asymmetries: 

A^° = 0.0967 ±0.0038, 

A%° = 0.0760 ± 0.0091 . 

The correlation between these numbers is 0.08. They can be expressed as mea
surements of sin2 fljf: 

sin 2 0f = 0.23268 ± 0.00068 (from b) 
sin20;f = 0.2310 ± 0.0021 (from c). (19) 

The 6 forward-backward polarized asymmetry defined in Eq. (8) can be mea
sured if the beams are polarized. This has recently been done at SLC, 9 3 both 



with lepton tag and the combined vertex-tag/jet charge method. For 5 x 104 

Z decays with 63% polarization, one finds: 

A $ ( 6 ) = A = 0.93±0.14. (20) 

From LEP data, combining the measurement of A F B = f ^ c A and the value 
At = 0.135 ± 0.011 obtained from leptonic asymmetries and r polarization (see 
below), one can derive Ah = 0.955 ± 0.086. The two values are consistent with 
the SM expectation At, — 0.94. 

5.4 Summary on sin2 6^ 
The different values of sin2 0J,ff measured from asymmetries and r polarization at 
LEP and ALR at SLC 9 4 are summarized in Fig. 14. Although one can extract 
a value of sin2 fljf from other measurements in the framework of the minimal 
SU(2)L x U(l) model, in particular, from T e or Mw, asymmetries provide the 
quantity that corresponds exactly to the definition of Eq. (9). The measurements 
presented above average to: 

sin2 0jf = 0.23167 ± 0.00040. (21) 

This number will play an important role in the determination of electroweak 
radiative effects. 

6 Analysis of Electroweak Measurements 

6.1 Lepton Universality 

The couplings of the leptons can be extracted from the measurements of r e , T,,, 
r T , Ap*l, A ^ , A F

Ti, A F B ( T ) , and PT. The results of the fit are shown in Table 12. 
Lepton universality is well-verified and will be assumed in the following. 

6.2 Neutrino Partial Width 

What the experiment really measures is the ratio of the invisible width to the 
leptonic width: 

MS-H- (22) 
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sirfe: 2oeff 
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AraflO 
P< f 

A F B(bb) 

A F B(cc) 

QFB 
^LR(SLC) 

Average 

j S3 U ,̂-|M.'01»)C«V 

combined LEP-SLD data 

0.23107+0.00090 

0.2320 + 0.0013 
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Figure 14: Summary of measurements of sin2 0jf from tie forward-bacAivard 
asymmetries of leptons, r polarization, inclusive quarks, heavy quarks asymmetry, 
and the SLC polarization asymmetry. Also shown is the SM prediction as a 
/unction of M t. 



9vt 9At 
e 
V-
T 

-0.0370 ±0.0021 
-0.0308 ±0.0051 
-0.0386 ±0.0023 

-0.50093 ±0.00064 
-0.50164 ±0.00096 
-0.5026 ±0.0010 . 

Lepton -0.0366 ±0.0013 -0.50128 ±0.00054 

Table 12: Lepton couplings gvt and g&t extracted from leptonic asymmetries and 
r polarization, showing the validity of lepton universality. 

In SU(2)L x U(l), the ratio r</r„ can be written as: 

H ( 1 + © , ) ( i + £ > < i + « ' (23) 

where Sv — —0.0027 ± 0.0003 is a vertex correction with ho dependence on heavy 
physics. The ratio (gvi/gAt)2 = 0.0053 ± 0.0001 can be obtained from the mea
sured asymmetries. This yields the prediction: 

p predicted 
— =0.5022 ±0.0001. 
1 1/ 

(24) 

The number of neutrinos is then: 

N„ = r«, 
measured p predicted 

x ~ = 2.988 ± 0.023. 

One can also assume that the number of neutrinos is three and determine the 
neutrino partial width, a sensitive test of SU(2)L x U(l): 

^ = 0.4992 ±0.0038, 

in excellent agreement with the prediction of Eq. (24). In the following, the num
ber of neutrinos will be fixed to three and the SU(2)L x U(l) structure assumed. 

6.3 Determination of SU(2)L x U(l) Radiative Effects 

The LEP measurements contain enough information to extract A/9, o"„i„ and AZQ 
defined in Eq. (10). The resulting values for Ap, 5vi,, and A3g are shown in 
Table 13, and compared with the SM predictions. For predicting the hadronic 
partial width, the value of the QCD coupling constant was constrained to a, = 
0.123 ± 0.006 in the following. One notes: (i) the sensitivity of the determination 
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of ASQ on the input value of Aa, and as can be seen from the first one of Eq. (10); 
and (ii) the sensitivity of the determination of Svi, on a,; as pointed out in Ref. 17, 
this comes from the fact the R/ is as powerful in determining 5vb as is j£j-. This 
point is illustrated in Figs. 16 and 17. 

In the SM, 6vb depends on Mt only (quadratically), and Ap depends on M t 

(quadratically) and on MH (logarithmically), while AJQ has a logarithmic depen
dence on both M t and MH, and thus is relatively more sensitive to MH. The 
leading terms are: 

Ap 

A3Q 

a M, a . M H 

7 M | ~ 5r a Mf' 
a , M H 

- 9TT Ml ' 
_ 2 0 a /M? 13 M?N 

~ 13ir\Ul+ 6 M|J 

(25) 

(26) 

(27) 

More complete expressions have been calculated and implemented in computer 
codes, see Ref. 95. 

Fit Error Due to SM Variation 
Parameter Value Aa Aa, value M t MH 

Ap x 104 " T - - T 4 44 +18 -13 
-14 +8 Ap x 104 33 ±19 " T - - T 4 44 +18 -13 
-14 +8 

A 3 < 3 x 104 -39 ±23 ±9 ±3 -60 +1 - 8 
- 2 +17 

<5„6 x 104 -97 ±67 - ^51 -175 -29 - 1 
+27 +1 

Table 13: Radiative corrections determined from LEP data. The SM values 
are given for Mt = 174 ± 16 GeV and M H = 300i^o GeV. The fit asmmes 
a, = 0.123 ±0.006. 

Assuming the SM variation of 5vt, upon M t , S 3 it can be used1 0 to place a limit 
on the top quark mass M t < 195 GeV at 95% C.L. This limit is as good at present 
as what can be obtained in the minimal SM, from Ap mostly, but less sensitive 
to cancellation with other new physics. 



Given the small range allowed for A3Q in the SM, its measurement con
stitutes a 0.3% test at the one-loop level. This test comes mostly from the 
comparison between the measurements of Tt and of sin20J,ff from the asymme
tries, shown in Fig. 15. In nonminimal theories, A 3 Q provides a test of the 
Higgs sector. Such a scenario is discussed in Ref. 8, where the related quantity 
S ^ - A 3 Q x 4 sin2 8$ cos2 0f/a is expected to be increased by 2.1 for one gener
ation of technifermions in Ne = 4 technicolor. The corresponding change of A 3 0 

is -0.024 and is clearly ruled out by LEP experiments. 
In principle, the measurement of A 3 ( ? can be used to set limits on the Higgs 

boson mass and/or on whatever plays its role, in particular on supersymmetry— 
such an analysis has been performed, e.g., Refs. 9 and 96. It can be seen from 
Fig. 15 that the experimental error is still of the same size as the variation of A 3 Q 

from the Higgs boson mass. 
The agreement of the determination of the radiative corrections with the SM 

predictions is striking, especially if one takes into account the first possible direct 
determination of M, by CDF, 9 7 M, = 174 ± 16 GeV. This is shown in Figs. 15,16, 
and 17 where the three experimentally independent observables sin20£F, jA-,r< 
are plotted against each other. 

The discovery of the top quark, if confirmed, is an event of considerable im
portance. First, it happened in the range of masses predicted by the SM from 
precision measurements. Second, the SM loses one unmeasured free parameter, 
the only one left being the Higgs mass! 

6.4 Determination of the Top Quark and Higgs Boson 
Masses 

Having shown the consistency of the measurements with the SM, it is justified to 
consider all available measurements as measures of M,, and possibly, M H . 

The most precise measurements to date are: (i) the measurement of the neu
trino NC/CC ratio from the CDHS, 9 8 CHARM,99 and CCFR 1 0 0 experiments, 
averaging to sin20„ = 0.2253 ± 0.0047; (ii) the measurement of the W mass^ 
Mw = 80.23 ±0.18 (Ref. 101) from UA2,»°2 CDF,»« and D0 (Ref. 104); and 
(iii) the LEP measurements of the line-shape parameters, =A-, and of s i n 2 ^ 
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Figure 15: Contours of constant x2 for sin2 0£,ff versus Tt. The SM predictions as 
a function of M, and M« are shown. 
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from asymmetries. A fit to these 14 observables yields 

M t = 159 ± 12 (MH = 60) x 2 = 13.3 , 

M, = 178 ± 11 (MH = 300) x 2 = 15.1 , 
M t = 196±10 (MH = 1000) X 2 = 1 6 - 9 . (28) 

Although the light Higgs mass seems to be preferred, the difference between the 
light and heavy Higgs hypothesis is only Ax 2 = 3.6, and no significant limit can 
be placed. The constraints on M t, MH placed by this fit are shown in Fig. 18. If 
the experimental lower limits on MH > 63 GeV and M t > 131 GeV are included, 
the situation is not substantially modified, see Fig. 19. Even when the possible 
direct measurement is included, the upper limit on the Higgs mass improves 
slightly but not dramatically, Fig. 20. The x 2 difference between MH = 60 and 
MH = 1000 GeV becomes 4.2. Of course, this occurs because (i) the values of M t 

from precision measurement and the direct one are so close; and (ii) the error on 
the top mass from CDF is as large as the variation upon the Higgs mass of the 
indirect top mass determination from precision measurements. 

7 Conclusions and Outlook 
The advent of the LEP accelerator and experiments has allowed new and precise 
tests of the SM to be performed. Electroweak measurements have shown no 
deviation from the minimal picture at the 10~3 level. This is confirmed by the 
lack of observation of new particles within the range kinematically reachable, and 
of the Higgs boson up to 63 GeV. The top quark mass was predicted right where 
it has possibly been found. 

So, is there a future for LEP precision experiments? 
The first, obvious missing piece is a precision measurement of M t. It seems 

possible that its mass will be measured at the Tevatron with a precision of 
± 5 GeV. Secondly, improvements in electroweak measurements are still to come: 
(i) The measurement of the W mass from the energy upgrade of LEP, with a 
precision of about 30 MeV or better, (ii) It is expected that the statistics of 
LEP experiments will have increased by a factor of two to five by the end of 
1995. The measurement of the Z mass and width should improve significantly by 
steady scanning of the Z resonance, together with precise energy calibration of 
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the beam energy by the resonant depolarization method. An error of ±2 MeV 
on Tz seems reachable. Asymmetry measurements should also improve, resulting 
in a combined measurement error on sin2 6$ of ±0.0003. More speculatively, 
longitudinal polarization experiments at LBP 1 0 5 ' 1 0 6 could lead to much improved 
measurements of sin2 6$, down to ±0.0001. In order to make full use of the fu
ture precision measurements of sin2 0$f, the present estimate of a(M|) should be 
improved. The present error corresponds to an uncertainty in predicting sin20J,ff 

from Mz of ± 0.0003. The improvement of a(M|) requires better measurements 
of e +e~ -¥ hadrons in the energy region 1-10 GeV. It is hoped that the pre
cision on electroweak measurements will be improved to the level of sensitivity 
that would make its indirect determination through radiative corrections signifi
cant. Such an analysis was performed in Ref. 16, stressing the importance of very 
accurate measurements of sin20J,ff at LEP, see Fig. 21. Clearly, if the Higgs is 
found, these same measurements may be precise enough to reveal physics beyond 
the SM. 

Of course, the best thing to do is to find the Higgs. The high-energy program 
of LEP offers a good chance of finding it up to a mass limit of MH = 2 E b M m 

—100 GeV. Here the maximal energy that can be reached by LEP is the critical 
parameter. If this fails, we will have to wait for the LHC to give us some answer 
to the mysteries of spontaneous symmetry breaking. 
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Figure 21: A possible scenario for the ultimate precision of electroweak measure
ments at LEP. SM predictions in the (Ap, A30J plane. 
SM predictions. Dash-dotted line: M t free, MH = 50 GeV. Full line: M t free, 
M H = 200 GeV. Dotted line: M t free, M H = 1000 GeV. 
Experimental constraints. Vertical band: AT/ = ± 0.07 MeV (from ATz = 
± 2 MeV). 25" band: AM W = ± 30 MeV. 45° band: Asin 2 0f = ± 0.0001. The 
SM prediction for M t = 165 ± 5 GeV as expected from a future measurement 
of the top mass is also indicated. 



References 
[1] C. Y. Prescott, in Proceedings of the 1980 Int. Symp. on High-Energy Physics 

with Polarized Beams and Polarized Targets, edited by C. Joseph and J. Sof-
fer (Bwkhauser Verlag, Basel, 1981), p. 34. M. Bohm and W. Hollik, Nucl. 
Phys. B 204, 45 (1982). 

[2] B. W. Lynn and R. G. Stuart, Nucl. Phys. B 253, 84 (1985). 
[3] A. Blondel, B. W. Lynn, F. M. Renard, and C. Verzegnassi, Nucl. Phys. B 

304, 438 (1988). 
[4] M. Veltman, Nucl. Phys. B 123, 89 (1977). 
[5] B. W. Lynn, M. E. Peskin, and R. G. Stuart, "Physics at LEP," CERN 

86-02, 90 (1986). 
[6] D. C. Kennedy and B. W. Lynn, Nucl. Phys. B 322, (1989). 
[7] M. Consoli and W. Hollik, in "Physics at LEP1," CERN 89-08, 7 (1989). 
[8] M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990); 

V. A. Novikov, L. B. Okun, and M. I. Visotsky, Nucl. Phys. B 397, 35 
(1993). 

[9] G. Altarelli and R. Barbieri, Phys. Lett. B 253, 161 (1991); G. Altarelli, 
R. Barbieri, and S. Jadach, Nucl. Phys. B 369, 3 (1992); Err. Nucl. Phys. B 
376 (1992); G. Altarelli et al, Nucl. Phys. B 405, 3 (1993). 

[10] A. Blondel, TASI1991, edited by Ellis, Hill, and Lykken (World Scientific, 
1992) 283; A. Blondel and C. Verzegnassi, Phys. Lett. B 311,,346 (1993). 

[11] The LEP Collaborations, Phys. Lett. B 276, 247 (1992). 
[12] B. W. Lynn, SLAC-Pub 5077 (1989); D. Levinthal, F. Bird, R. G. Stuart, 

and B. W.Lynn, CERN-T1T6094/91. 
[13] MS scheme: S. Sarantakos, A. Sirlin, and W. Marciano, Nucl. Phys. B 217, 

84 (1983); W. Marciano and A. Sirlin, Phys. Rev. D 29, 75 (1984); A. Sirlin, 
Phys. Lett. B 232, 123 (1989); A.Sirlin, Nucl. Phys. B 332, 20 (1990). 

[14] A. Olshevski, P. Ratoff, and P. Renton, Z Phys. C 60, 643 (1993); P. Gam-
bino and A. Sirlin, Phys. Rev. D 49, R1160 (1994). 

[15] H. Burkhardt, F. Jegerlehner, G. Penso, and C. Verzegnassi, Z Phys. C 43, 
497 (1989). 

[16] A. Blondel, F. M. Renard, and C Verzegnassi, Phys. Lett. B 269,419 (1991). 
[17] A. Blondel, A. Djouadi, and C. Verzegnassi, Phys. Lett. B 293, 253 (1992). 
[18] ALEPH Coll., Z. Phys. C 53, 1 (1992); Z. Phys. C 60, 71 (1993); Z. Phys 

C 62, 539 (1994). Updated results for ICHEP 1994, GLS0557, GLS0558. 
[19] DELPHI Coll., Nucl. Phys. B 367, 511 (1991); Nucl. Phys. B 417, 3 (1994); 

Nucl. Phys. B 418, 403 (1994); ICHEP 1994 GLS0301. 
[20] L3 Coll., Z. Phys. C 51, 179 (1991); see also Ref. 21. CERN-PPE/94-45 

(1994) submitted to Z. Phys C. Updated results for ICHEP 1994, L3 Note 
1620. 

[21] L3 Coll., Phys. Rep. 236 (1993). 
[22] OPAL Coll., Z. Phys. C 52,175 (1991); Z. Phys. C 52, 175 (1991); Z. Phys. 

C 58, 219 (1993); Z. Phys. C 61, 19 (1994). Updated results for ICHEP 
1994, OPAL Physics Note PN-143. 

[23] ALEPH Coll., Z. Phys. C 53, 375 (1992). 
[24] B. Bloch, EPS conf. (July 1993); ALEPH Note 93-149; see also Ref. 18; 

D. Bederede et al, SiCAL - A High-precision luminosity calorimeter for 
ALEPH, to appear in Nucl. Instrum. Methods. 

[25] OPAL Coll., preliminary result ICHEP 1994, OPAL PN-142. 
[26] M. Merk, talk given at XXIX Rencontres de Moriond, Meribel (1994). 
[27] S. Jadach, E. Richter-Was, Z. Was, and B. F. L. Ward, Phys. Lett. B 

268, 253 (1991); Comput. Phys. Commun. 70, 305 (1992); S. Jadach and 
B. F. L. Ward, Phys. Rev. D 40, 3582 (1989). 

[28] M. Bohm, A. Denner, and W. Hollik, Nucl. Phys. B 306, 687 (1988); 
F. A. Berends, R. Kleiss, and W. Hollik, Nucl. Phys. B 304 (1988), p. 712; 
computer programme BABAHC by R. Kleiss. 

[29] S. Jadach, E. Richter-Was, Z. Was, and B. F. L. Ward, Phys. Lett. B 253, 
469 (1991); Phys. Lett. B 260, 438 (1991). 

[30] W. Beenakker and B. Pietrzyk, Phys. Lett. B 296, 296 (1992); Phys. Lett. 
B 304, 366 (1993). 

[31] B. F. L. Ward, S. Jadach, E. Richter-Was, and Z. Was, talk given at Glasgow 
1994, UTHEP-94-0801. 

[32] W. Beenakker, F. A. Berends, and S. C. Van der Marck, Nucl. Phys. B 355, 
281 (1991). 

[33] A. Blondel, Second Workshop on LEP Performance, CERN-SL/92-29 (DI) 
339. 

[34] A. A. Sokolov and I. M. Ternov, Sov. Phys. Doklady, 8, 1203 (1964). 
[35] This effect was first seen in the Orsay ACO storage ring: R. Belbeoch et 

al., USSR Part. Accel. Conf. 129 (1968). For reviews, see B. W. Montague, 
Phys. Rep. 113 (1984); A. Blondel CERN-PPE/93-125 (1993); M. Boge, 
DESY 94-087. 

[36] L. Knudsen et al., Phys. Lett. B 270, 97 (1991). 
[37] A. A.Zholentz et al., Phys. Lett. B 96, 214 (1980). 
[38] A. S. Artamonov et al., Phys. Lett. B 118, 225 (1982). 
[39] D. P. Barber et al., Phys. Lett. B 135, 498 (1984). 
[40] W. W. McKay et al., Phys. Rev. D 29, 2483 (1984). 
[41] L. Arnaudon et al, Phys. Lett. B 284, 431 (1992). 
[42] R. Assmann et al., "Accurate determination of the LEP beam energy by 

resonant depolarization," CERN-SL/94-71(BI), and "Polarization studies at 
LEP in 1993," CERN-SL/94-08(AP). 



[43] L. Arnaudon et al., "The energy calibration of LEP in 1991," CERN-
PPE/92-125 (1992) and CERN-SL/92-37(DI); LEP Energy Group, ALEPH, 
DELPHI, L3, and OPAL Collaborations, L. Arnaudon et al, Phys. Lett. 
B 307, 187 (1993); L. Arnaudon et al, "The energy calibration of LEP in 
1992," CERN SL/93-21 (DI), April 1993. 

[44] G. Fischer and A. Hofmann, in the Second Workshop on LEP Performance, 
edited by J. Poole, CERN-SL/92-29 (DI) 337 (1992). 

[45] L. Arnaudon et al., CERN-SL/94-07 (BI) (1994). 
[46] Investigation suggested to me by B. Richter and realized by B. Jacobsen, 

SL-MD Note 62, (1992). 
[47] J. Wenninger, CERN-SL/94-14 (BI). 
[48] The LEP Collaborations ALEPH, DELPHI, L3, OPAL, and the LEP Elec-

troweak working group, CERN-PPE/93-157; ibid, preliminary averages pre
pared for the summer conferences, 1994. 

[49] F. A. Berends, G. Burgers, W. Hollik, and W. L. van Neerven, Phys. Lett. B 
203 (1988) 177; G. Burgers, in Ref. 105, Vol. 1,121; M. Bohm and W. Hollik, 
in Z Physics at LEP I, CERN 89-08 (1989) Vol. I, 203; F. A. Berends et al, 
ibid, Vol. I, 89. See also Ref. 50. 

[50] D. C. Kennedy et al, Nucl. Phys. B 321, 83 (1989). 
[51] M. Martinez et al, Z Phys. C 49, 645 (1991). 
[52] D. Bardin et al, Z. Phys. C 44, 493 (1989); Nucl. Phys. B 351, 1 (1991); 

Phys. Lett. B 255, 290 (1991) and CERN-TH 6443/92 (May 1992); Com
puter programme ZFITTER, available from D. Y. Bardin. 

[53] A. Akhundov, D. Bardin, and T. Riemann, Nucl. Phys. B 276, 1 (1986); 
W. Beenakker and W. Hollik, Z. Phys. C 40, 141 (1988); B. W. Lynn and 
R. G. Stuart, Phys. Lett. B 252, 676 (1990); J. Barnabeu, A. Pich, and 
A. Santamaria, Nucl. Phys. B 363, 326 (1991). 

[54] D. Brown, MPI preprint MPI-PhE 93-25 Munich (1993). 
[55] ALEPH Coll., Z Phys. C 62, 179 (1994); ALEPH Coll., CERN-PPE/94-

023 to appear in Nucl. Instrum. Methods; updated results for ICHEP 1994, 
ALEPH Note 94-123. 

[56] DELPHI Coll., Z. Phys. C 56, 201 (1992); updated results for ICHEP 1994, 
GLS0301b. 

[57] L3 Coll., Phys. Lett. B 261,177 (1991); see also Ref. 21, updated results for 
ICHEP 1994, L3 Note 1624. 

[58] OPAL Coll., Z Phys. C 58, 523 (1993). OPAL Coll., Z Phys. C 60, 199 
(1993). 

[59] ALEPH Coll., Phys. Lett. B 313, 549 (1993). 
[60] DELPHI Coll., Phys. Lett. B 295, 383 (1992). 
[61] L3 Coll., Phys. Lett. B 307, 237 (1993). 
[62] G. Batignani et al, 1991 IEEE Nuclear Science Symp. (Santa Fe), IEEE 

Trans, on Nuclear Science V. NS 39(4-5) (1992) Vol. 1, 444; ALEPH Coll., 
Phys. Lett. B 313, 535 (1993). 

[63] DELPHI Coll., preliminary results for ICHEP 1994, GLS0301b, GLS0229. 
[64] OPAL Coll., CERN-PPE/94-106 (1994). 
[65] Y. S. Tsai, Phys. Rev. D 4, 2821 (1971); erratum Phys. Rev. D 13, 771 

(1976). 
[66] G. Goggi, CERN 79-01 (1979) Vol. II , 483; J. E. Augustin, ibid, 499. 
[67] ALEPH Coll., Phys. Lett. B 265, 430 (1991); ALEPH Coll., Z. Phys. C 59, 

369 (1993); update for ICHEP 1994, GLS0551. 
[68] DELPHI Coll., Z. Phys. C 55,555 (1992); update for ICHEP 1994, GLS0207. 
[69] OPAL Coll., Phys. Lett. B 266, 201 (1991); CERN-PPE/94-120 (1994). 
[70] A. Rouge, Z. Phys. C 48, 45 (1990). 
[71] M. Davier et al, Phys. Lett. B 306, 411 (1993). 
[72] ARGUS Coll., Z. Phys. C 58, 61 (1993). 
[73] ALEPH Coll., Phys. Lett. B 321,168 (1994). 
[74] ALEPH Coll., Phys. Lett. B 259, 377 (1991). 
[75] ALEPH Coll., preliminary results for Moriond 1993, ALEPH-Note 93-

041, PHYSIC 93-032 (1993); ALEPH-Note 93-042, PHYSIC 93-034 (1993); 
ALEPH-Note 93-044, PHYSIC 93-036 (1993). 

[76] DELPHI Coll., Phys. Lett. B 277, 231 (1992). 
[77] OPAL Coll., Phys. Lett. B 294, 436 (1992). 
[78] R. D. Field and R. P. Feynman, Nucl. Phys. B 136, 1 (1978). 
[79] J. P. Berge et al, Nucl. Phys. B 184, 13 (1981); EMC Coll., Phys. Lett. 

B 144, 302 (184). 
[80] S. Anassontzis et al, Nucl. Instrum. Methods, A 323, 351 (1992). 
[81] DELPHI Coll., ICHEP 1994, GLS0232. 
[82] DELPHI Coll., Phys. Lett. B 276, 536 (1992); updated results for ICHEP 

1994, GLS0301b, GLS0230, GLS0230b. 
[83] L3 Coll., Phys. Lett. B 252, 713 (1990); see also Ref. 21; L3 Coll., CRN-

PPE/94-89 (1994); updated results for ICHEP 1994, L3 Note 1624. 
[84] OPAL Coll., Phys. Lett. B 263, 311 (1991); OPAL Coll., Z Phys. C 60, 19 

(1993); updated results for ICHEP 1994 OPAL Phys. Note PN118. 
[85] G. Altarelli and B. Lampe, Nucl. Phys. B 391, 3 (1993). 
[86] ALEPH Coll., CERN-PPE/94-84 (1994). 
[87] DELPHI Coll., ICHEP 1994, GLS0230. 
[88] OPAL Coll., ICHEP 1994, OPAL Phys. Note PN127. 
[89] ALEPH Coll., Z. Phys. C 62, 1 (1994); updated results for ICHEP 1994, 

GLS0562. 
[90] DELPHI Coll., Z. Phys. C 59, 533 (1993); updated results for ICHEP 1994, 

GLS0231. 



[91] OPAL Coll., Z. Phys. C 60, 601 (1993), updated results for ICHEP 1994, 
OPAL Phys. Note PN125. 

[92] D. Abbaneo et al., "A consistent treatment of systematic errors for LEP 
electroweak heavy flavor analyses," LEPHF/94-01 (1994) unpublished. 

[93] T. Junk, talk given at XXIX Rencontres de Moriond, Meribel (1994). 
[94] SLD Coll., Phys. Rev. Lett. 73, 25 (1994). 
[95] Electroweak libraries: ZFITTER5 2; BHM: G. Burgers, W. Hollik, and 

M. Martinez; M. Consoli, W. Hollik, and F. Jegerlehner, in CERN 89-08 
(1989) Vol. 1,7; G. Burgers, F. Jegerlehner, B. Kniehl, and J. Kuhn, ibid, 55. 
These computer codes have recently been upgraded by including the results 
of: B. A. Kniehl and A. Sirlin, DESY 92-102; S. Fanchiotti, B. A. Kniehl and 
A. Sirlin, CERN-TH.6449/92; R. Barbieri et at., Phys. Lett. B 288 (1992) 
95; K. G. Chetyrkin and J. H. Kiihn, Phys. Lett. B 248 (1990), p. 359; 
K. G. Chetyrkin, J. H. Kuhn, and A. Kwiatkowski, Phys. Lett. B 282, 221 
(1992); J. Fleischer, O. V. Tarasov, and F. Jegerlehner, Phys. Lett. B 293, 
437 (1992). 

[96] R. Barbieri, M. Frigeni, and F. Caravaglios, Phys. Lett. B 279, 169 (1992). 
[97] F. Abe et al., (CDF Coll.) "Evidence for top quark production in pp collisions 

at y/s = 1.8 TeV" to be published in Phys. Rev D. 
[98] A. Blondel et at., Z. Phys. C 45, 361 (1990). 
[99] J. V. Allaby et al., (CHARM Coll.): Phys. Lett. B 177, 446 (1986), and Z. 

Phys. C 36, 611 (1987). 
[100] C. G. Arroyo et al., (CCFR Coll.), Phys. Rev. Lett. 72, 3452 (1994). 
[101] M. Demarteau et al., "Combining W mass measurements," 

CDF/PHYS/CDF/PUBLIC/2552, D0 Note 2115 (1994). 
[102] J. Alitti et al., (UA2 Coll.) Phys. Lett. B 276, 354 (1992). 
[103] F. Abe et al., Phys. Rev. Lett. 65, 2243 (1990); Y. K. Kim, XXDC Rencon

tres de Moriond, Meribel (1994). 
[104] D0 Coll., presented by Q. Zhu at the Ninth Topical Workshop on Proton-

Antiproton Collider Physics (1993). 
[105] "Polarization at LEP," CERN 88-06, Vols. I, II (1988). 
[106] A. Blondel et al., "AtestoflongitudinalpolarizationatLEP" CERN/LEPC 

94-8, LEPC/P8 (1994). 

274 -



Measurement of the Left-Right Cross Section 
Asymmetry in Z Boson Production in e+e~ Collisions* 

Richard Dubois 
Representing the SLD Collaboration 
Stanford Linear Accelerator Center 

Stanford University, Stanford, CA 94309 

ABSTRACT 

A precise measurement of the left-right cross section asymmetry (AIR) 
for Z boson production by e +e~ collisions has been performed at the 
SLAC Linear Collider with the SLD detector. Data for the 1993 run, 
with its significant improvements in luminosity and electron beam po
larization, are presented. When combined with the (less precise) 1992 
result, the preliminary result for the effective weak mixing angle is 
sin2 0$ = 0.2290 ±0.0010. 
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1 Introduction 
The SLC luminosity improved by a factor of two due mostly to the use of flat 
beams; the polarization improved by slightly less than a factor of three, due to 
the use of strained lattice photocathodes. Overall, SLD accumulated five times 
the number of Z's in 1993 (Ref. 1) compared to 1992 (Ref. 2); coupled with the 
polarization increase, the overall error in sin2 6$ decreased by a factor of ten. 

The left-right asymmetry is defined as 

ALR = {OL - OR) I (oi + aR), (1) 

where oi and OR are the e +e~ production cross sections for Z bosons (at the 
Z pole) with left-handed and right-handed electrons, respectively. 

The properties of AIR are discussed in detail elsewhere.3,4 To leading order, 
the Standard Model predicts that this quantity depends upon the vector (vc) and 
axial-vector (ac) couplings of the Z boson to the electron current, 

vj + al i + [ i _ 4 s i n 2 ^ ] 2 

where the effective electroweak mixing parameter is defined by sin2 8$ = (1 — 
H./O.J/4. 

AIR is a sensitive function of sin20{$, with <5sin20$ « 5AIR/7.8. It is large 
(> 0.1) and relatively insensitive to energy. Finally, AIR does not depend upon 
the couplings of the Z to its final states. Hence, all visible Z decay modes can in 
principle be used in the measurement. In practice, the e +e~ final state is discarded 
by SLD due to its large zero-asymmetry contribution from photon exchange. 

There is no need to identify specific final states, except to discard e + e" events. 
In practice, conditions for left- and right-handed running are identical. Then the 
measured asymmetry becomes 

A _NL-NR 
Am~NL + NR- W 

The systematic error in AIR is dominated by that of the electron beam polar
ization, Ve. For a partially polarized beam ALR = Am/Vc, the ALR measurement 
error is 

where Nz = NL + NR is the total number of events, and 5VC is the error in the 
polarization measurement. 
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2 Polarized Beam Delivery 
The main features of the operation of the SLC are well described4 elsewhere. New 
to the 1993 run are the use of strained-lattice cathodes at the SLC source, which 
gave a large increase in electron beam polarization (from 22% to 63%), and the 
advent of flat beam operation, which gave higher luminosity. 

A Ti-Sapphire laser5 operating at 865 nm illuminated a strained-lattice Ga-As 
(Ref. 6) photocathode. The electron helicity was randomly flipped for each pulse. 

Elliptical beams,7 with a 3:1 transverse aspect ratio, were found to increase 
the luminosity by a factor of about two over round beams. This coupling of the 
horizontal and vertical precluded the ability to use solenoids to set the electron 
spin orientation. It was found that a pair of large betatron oscillations8 in the 
SLC arc could be used to maximize the longitudinal polarization at the interaction 
point (IP). About 4-5% of the polarization was lost in the arcs. 

Precision energy spectrometers were used to measure the center-of-mass en
ergy, which was found to be 91.26 ± 0.02 GeV. 

2.1 Chromatic Correction 

The typical energy spread of the SLC beam is AE/E w 0.2%. Since the net 
spin precession in the North Arc is proportional to energy, ̂ >ne expects each beam 
energy component to have a slightly different degree of longitudinal polarization 
at the IP. For the Gaussian core of the beam, the net reduction in polarization 
at the IP due to this "spin diffusion" is small (< 1%) and is in itself of little 
consequence. 

Now, in principle, the focusing of the beams at the IP can map each beam-
energy component to a different effective point of focus, resulting in a correlation 
between transverse position at the IP and energy, or equivalently between posi
tion and polarization. Even though the present SLC Final Focus optics includes 
chromatic correction, the extremely small vertical emittance in 1993 allowed this 
position-energy correlation to become more significant, a result of third-order 
chromatic aberrations in the optics. Models have indicated that the vertical spot 
size at the IP indeed may have been limited by these higher order aberrations 
in 1993. Still, this would not be an experimental issue except that the polariza
tion of those electrons which weight Z production at the IP can be different from 
the polarization of the entire electron beam, averaged over its full spatial extent. 



In the former case, the electron beam is sampled by its interaction probability to 
make Z's via positrons; this is referred to as the luminosity-weighted polarization, 
Vc. The latter case is relevant for the polarization measurement using Compton 
scattering, V?, as the spatial extent of the Compton laser beam is much larger 
than the electron beam, hence sampling all electrons with equal weight. 

If the electron beam had only Gaussian energy tails, the difference between Ve 

and V% would be small (< 0.2%) and readily modeled. However, the beam was 
observed to have a long low-energy tail extending to AE/E of about —1%. The 
correction for this effect has been addressed in the following way. First, the beam 
tail and optics were modeled, and it was found that the measured P% agreed well 
with the amount of beam tail allowed to propagate to the IP, as determined by the 
position of a collimator at a low-dispersion point of the North Arc. The model 
can be confidently used to estimate the minimum possible difference between 
Vt and 7>f by the constraint that it not predict a luminosity in excess of that 
observed. The maximum effect is conservatively given by the difference between 
the measured polarization at the end of the Linac and that at the IP. Assigning 
no a priori preference within this allowed range, the correction9 becomes 

Vc = (1.024 ±0.016)7>f. (5) 

The model alone, without further input, gives a similar correction of 1.019 ± 0.005. 

3 Polarization Measurement 

The measurement of the longitudinal electron beam polarization is accomplished 
via Compton scattering of polarized light with the polarized electrons, as shown 
in Fig. 1. 

Longitudinally polarized photons, produced by 532 nm circularly polarized 
laser pulses from a frequency-doubled Nd:YAG laser, collide with the outgoing 
electron beam 33 m past the IP. The backscattered Compton electrons, ranging 
in energy from about 17 to 30 GeV, are detected by a multichannel Cherenkov 
detector after being separated from the main electron beam by two dipole magnets 
which are the final bend magnets of the SLC Final Focus. 

Counting rates in the Cherenkov detector are measured for parallel and anti-
parallel orientations of the photon and electron helicities. The resulting asym-
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Figure 1: Schematic of Compton scattering process detection. 

metry is given by Vt'P1A{E), where Vt is the electron polarization; V^ is the 
circular polarization of the photon beam, and A(E) is the theoretical asymmetry, 
a function of the scattered electron energy.10 

Table 1 

Systematic uncertainties that affect the Am measurement. 

Systematic Uncertainty s-pc/-pc ( % ) SAui/Am (%) 

Laser Polarization 

Detector Calibration 

Detector Linearity 

Interchannel Consistency 

Electronic Noise Correction 

1.0 

0.4 

0.6 

0.5 

0.2 

Total Polarimeter Uncertainty 

Chromaticity Correction 

Background Fraction (see text) 

1.3 1.3 

1.1 

0.1 

Total Systematic Uncertainty 1.7 

The polarimeter data are acquired asynchronously with the detection of Z events 
in the SLD detector. Runs of approximately three minutes result in statistical pre-



cision of about 1% on Vt. Systematic effects are listed in Table 1; the largest error 
is from the laser polarization. In fact, this error was dominated by the period at 
the beginning of the run when diagnostics were in a more rudimentary state. 
The error contribution from subsequent data was at the 0.6%. level. The total 
systematic error on Vt for 1994 was estimated to be 1.3%. 

4 Selection of Z Events 
Unlike other precision electroweak measurements involving e +e~ at the Z reso
nance, Am does not rely on the detailed reconstruction of the final state. The 
primary requirements for SLD (shown in Fig. 2) are a good efficiency for detection 
of hadronic final states which is symmetric in scattering angle, and a good sepa
ration of these events from e +e~ final states and accelerator-related backgrounds. 
The measured "raw" asymmetry, Am, defined in Eq. (3), can then be formed. 

Monitor 
SU5 

Beamliie 

Figure 2: Quadrant view of the SLD detector. 

Triggers used in this measurement use calorimetric11 information only. Liquid 
argon calorimeter towers with at least twice the expected minimum ionizing signal 

278 

were summed. Events with at least ten such towers adding to at least 22 GeV 
were retained. This reduced about three million triggers to about 6.4 x 104 events, 
which were then subjected to a full cluster reconstruction analysis. Events were 
required to have at least eight clusters summing to at least 40% of the center-
of-mass energy. The requirement on cluster number was primarily responsible 
for removing e +e~ final states. (The predominantly t-channel e +e~ events at 
small angle (0 ~ 50 mrad) were separately triggered and analyzed to provide the 
luminosity measurement.) Accelerator-related backgrounds were largely removed 
by requiring that the selected events,be reasonably well-balanced in energy. 

This procedure yielded 49,392 events. The efficiency for triggering and select
ing hadronic events is (93 ± 1%), while it is 30% for T+T~ events. Muon-pair 
events are excluded by this procedure. The residual background fraction due to 
e+e~ events and accelerator backgrounds is estimated to be 0.23 ± 0.10%. Other 
backgrounds, due to cosmic rays or 77 events, are negligible. 

5 Results 
The measured asymmetry Am is related to AIR by the following expression, an 
extension of that given in Sec. 1, which incorporates a number of small correction 
terms in square brackets, 

Amfb -AC + A2

mAp - E ^ ^ ^ A E - At (6) 

where {Ve) is the mean luminosity-weighted polarization for the 1993 run; ft is the 
background fraction; a{E) is the unpolarized Z cross section at energy E; o'iE) 
is the derivative of the cross section with respect to E; and Ac, Ap, As, and Ae 

are the left-right asymmetries of the integrated luminosity, the beam polarization, 
the center-of-mass energy, and the product of detector acceptance and efficiency. 

Of the 49,392 events recorded by SLD in the 1993 run, 27', 225 were produced 
with a left-hand polarized electron beam and 22,167 with a right-handed beam. 
This gives, by Eq. (3), 

Am= 0.1024 ±0.0045. (7) 

The mean beam polarization for the run is calculated by averaging over the 
Compton polarimeter measurements associated with each Z event, giving the 
mean V% for the run. The correction factor for the beam chromaticity, Eq. (5), 



is applied to give a preliminary result for the mean luminosity-weighted IP polar
ization for the run: 

i Nz 
<P.) = W- £ ^ = (63.0 ± 1.1)%. (8) 

"Z i=l 

The contributions to the error were given in Table 1. The dominant error is due to 
the polarization measurement. The error on the chromaticity correction, Eq. (5), 
also contributes to the error for this run. 

The contributions of the various correction factors given in Eq. (6) are small 
and essentially negligible. The largest contribution is due to the dilution of the 
asymmetry from background contamination, /<,, giving a 0.17 ± 0.07% correction. 
The remainder of the contributions are negligible, none exceeding 0.04% correction 
to Am, with the total correction summing to 0.10 ± 0.08%. 

Finally, we obtain by Eq. (6) at -Js = 91.26 GeV the 1993 result 

ALR = 0.1628 ±0.0071 ±0.0028, (9) 

where the first error is statistical and the second systematic. The corresponding 
1993 weak mixing parameter is 

sin2 0 $ = 0.2292 ± 0.0009 ± 0.0004. (10) 

This result has been corrected for the off Z-pole average center-of-mass energy 
and for initial state radiation. Combining this with our previous result from the 
1992 run gives the preliminary value 

sin2 0$ = 0.2294 ±0.0010. (11) 

This result is presently the most precise single measurement of this quantity. The 
result is 2.5 a below the combined LEP average12 0.2322 ± 0.0004. 

Within the framework of the Minimal Standard Model, this result predicts the 
top quark mass to be mt = 240±2§±3o GeV, where the second set of errors reflect 
the range of Higgs masses from 60-1000 GeV. 

6 The 1994 Run 

At the time of this writing, the 1994 run at the SLC is nearing completion. Figure 3 
shows the improvement in polarization over the 1993 value (80% vs. 60%) due to 
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Figure 3: History of polarization from 1992-1994. 

the use of a thinner strained cathode. With improvements in the beam delivery 
reducing the chromatic correction and with 100K Z's, we expect the error in 
s in 2 0$ to reach 0.0005. 
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ABSTRACT 

Recently, it has been suggested1 that a significant test of CPT in
variance can be derived by comparing the proton lifetime (r p > 10 3 2 

years) with the antiproton lifetime Tp . CPT invariance would require 
Tp = Tf . 

A deviation from CPT induced by gravity effects, if linear in the 
ratio between proton mass (mp) to Planck mass (Mpi), could generate 
a Tp ~ 5-10~31 • Mpi (GeV) years ~ 108 years. A precise measurement 
of the p galactic flux NR (£W ) can bring a Tp- measurement in this 
range. 
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Figure 1: The Cavendish torsion balance. 

1 Domain of Validity of Physical Laws 

A fascinating aspect of the topics covered by the 1994 SLAC Summer Institute is 
the successful application of natural laws derived from table-top experiments to 
the largest scale of length L conceivable today, L = 10 2 6 m. If the experiments 
are done by expert experimentalists, their results are valid no matter how old 
they are. Let me recall two experiments that, combined with the recent observa
tion of the star velocities in galaxies, suggest the existence of DARK MATTER. 
The Galileo experiment on the free falling masses from the Pisa tower2 and the 
Cavendish torsion balance (Fig. 1) that verify the Newton law |F | = G 2 ^ 2 2 

are two wonderful examples of everlasting experimental results. A more recent 
example is the measurement of neutrino species carried out at SLC and LEP. 

The most sophisticated codes to study supernovae explosions require the ex
istence of three v species to boost the exploding wave. So our own existence can 
be related to the three v families for which the solar system, and we ourselves, 
are products of this elaborated star explosion for which we can be called STAR 
CHILDREN or recycled people, depending on your personal feeling. 
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Figure 2: Experimental situation. 

2 Antimatter Search in Space 
The presence of antimatter (p, He, ...) in cosmic radiation is of great interest 
because a large p component or even a small He presence in cosmic rays would 
be an indication of acceleration processes in antigalaxies, and thus, of the same 
antigalaxies' existence. 

The present status of the antimatter search, based on a very small sample 
of antiprotons, can be interpreted in terms of collision of the primary cosmic 
protons with the interstellar medium acting as a galactic target. The experimental 
situation is illustrated in Fig. 2 (Ref. 4). Two recent balloon flights, BESS 93 
and CAPRICE 94 from Lynn Lake, Canada, are supposed to improve the present 
situation. Some preliminary data from BESS have been reported and seem to 
confirm the simplest production and containment model—the Leaky Box Model 
with modest improvement. The CAPRICE 94 data are still under analysis. 

2.1 Galactic Antiproton and C P T 

What has CPT got to do with antiproton flux in the cosmic rays? One of the most 
durable composite objects we know of in the Universe is the proton. Its expected 
lifetime is 

T P (p -> e + !r° ) > 10 3 2 years 



if CPT holds 
r p = Tp. 

If CPT is violated at a Planck scale (L ~ 10~ 3 3 cm) and if the violation is 
proportional to mp/Mpi(Mpi Planck mass), it has been shown2 that 

Aft - • e- *• ) = A(v -4 e+ *r° ) + C(jf-) 

and 
Tp ~ 5 • l<r31M2(GeV).RR(p- -> e" JT° ) 

for C ~ 1, and then Tp = 10 7-10 8 years. 
Laboratory experiments3 have given, until now, a lower limit of Tp in the range 

of one year. In the Review of Particle Properties? the largest lower bound on Tp is 
taken from the p flux in the cosmic rays, JVp (£p-), and is of order 107 years. 

2.2 Antiproton Lifetime from p Flux in Cosmic Rays 
Here at SLAC and at the Summer Institute, the language of particle physics is 
more familiar than the cosmic ray one, even if they are quite similar. So let me 
present the connection between Tp and JVW (Ep ) using the analogy in Table 1 
showing the laboratory quantities and the galactic ones. 

Lab Galaxy 
Primary beam (p) Cosmic ray proton flux NP{E) oc i ? - 2 - 7 

cur T&* 
Target Interstellar medium 

Trapped secondary p Produced secondary 
Storage particle lifetime Tp 

Table 1 
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The experimental upper limit on primordial antimatter from the ratio He/He < 
10~5 leads to the conclusion that the universe, at least in the vicinity of our galaxy, 
is dominated by baryonic matter. 

Let us assume that antiprotons in our Galaxy are produced by the local cosmic 
radiation colliding with the interstellar medium. The mean free path of the proton 
in our galaxy is evaluated from the boron/carbon ratio and is between 5-10 g/cm2 

equivalent of hydrogen between injection and detection. The lower limit is more 
probable for high energy proton £p > 6 GeV, required by the energy threshold 
EH, for the reaction 

p p — > p p p p . (1) 

The kinematics of Eq. 1 implies an antiproton energy spectrum A% (£p) starting 
from ~0.3 GeV kinetic energy. The value of dN^/dE may be computed using the 
measured inclusive cross section dffp/dE' of the process p p - + p X and is given 
by:6 

dE mp JE dEy' ' 'dE> ' 
where < y > is the mean free path in g/cm2, and for E S> E,/, the result is that 

^ - ~ 5 x l 0 - 4 . [Ref.6] 
W(p) 

The few events of p collected until now are not in disagreement with this pre
diction. For an antiproton lifetime Tp S> rac, the equilibrium equation for the 
antiproton flux is given by the equality between the p sources and losses 

l A "c A N / 
If the possibility of the p decay is introduced, Eq. 2 becomes 

\A „ c A j j pPcTp- 7J v^ * " 
qp(%) 

4np 

giving Tp > 107 years. 
If both experimental data on the p flux and theoretical prediction improve, the 

limit on Tp can improve by an order of magnitude, becoming close to the value 
10 s years. 

Recently, two new missions with stratospheric balloons have been launched, 
aiming to improve on the experimental data. One balloon detector built by a 
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Figure 3: BESS apparatus configuration. 

Japanese-American collaboration is nicknamed BESS; the second one is prepared 
by the WIZARD Collaboration and named CAPRICE. 

Preliminary results from a first analysis on BESS data report four antiprotons 
in the range 0.3-0.6 GeV and a p/p ratio ~ 3.5 • 10~5, not in disagreement with 
the simple model. A schematic view of the BESS detector is shown in Fig. 3. 
The CAPRICE flight from Lynn Lake on August 8 looks, from a preliminary 
analysis, capable of providing solid data, but unfortunately, the analysis on the 
p has just started. So at the moment, the new experimental data do not allow an 
improvement on the lower limit of Tp : rp > 10r years. 

3 The WIZARD Facility 
The WIZARD Collaboration has done many missions with different primary goals. 
Each mission has its own nickname. The latest mission from Lynn Lake (geomag
netic cutoff ~ 0.3 GeV/c) is named CAPRICE (Fig. 4), and the main goal is 
measurement of p~ flux in the range 1-10 GeV/c. 

The general approach of the WIZARD mission is to use a balloon-borne mag
net equipped with a tracking system and ancillary detectors. The tracking system 
allows measurement of the particle's magnetic rigidity (momentum/charge includ
ing the sign of the particle's charge in the range 0.5-50 GeV/c). In the CAPRICE 
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Figure 4: CAPRICE apparatus configuration. 

flight, the ancillary detectors are a ring-imaging Cherenkov counter and a Si-W 
calorimeter with eight radiation lengths (Xo ) of W (1 Xo = 3.5 mm) in 1 Xo steps. 

The balloon flights have to respect some special conditions determined by the 
total weight and power requirement: weight < 4000 kg, power < 400 Watts. The 
mechanical configuration of the spectrometer as well as the single detectors must 
tolerate accelerations of ~ 10 g. . . . . . . 

To illustrate the capability of this detector, a typical high-energy spectrometer 
sent to the sky, I will present some preliminary data on the analysis of Flight TS93. 
TS93 flew for 26 hours in the skies over New Mexico starting from Fort Sumner 
(known to be the real grave of Billy the Kid) with a geomagnetic cutoff close to 
5 GeV/c. 

4 TS93 Preliminary Results 
The TS93 instrument configuration is shown in Fig. 5. A superconducting magnet 
equipped with multiwire proportional chambers and drift chambers is used as a 
spectrometer.7'8 A set of plastic scintillators, installed at the upper and lower 
extremes of the tracking system, provides both the trigger for the experiment and 
time of flight (TOF) information with a resolution of 400 ps over ~ 1.4 m of the 
path; an energy loss (dE/dx) measurement over a thickness of 1+1 cm of the 



Figure 5: TS93 apparatus configuration. 

plastic scintillators is provided as well. The two other detectors used in the TS93 
flight are a Transition Radiation Detector (TRD) and a silicon tungsten (Si-W) 
imaging calorimeter. The TRD consists of ten layers of carbon fiber radiators, 
each followed by a large area MWPC (an additional radiator was located at the 
top of the stack). The signals from each wire of each chamber were individually 
analyzed with a cluster-counting capability.9"11 The calorimeter has five silicon 
planes, sensitive in both X and Y coordinates. The planes are interleaved with 
1 Xo of W. In order to determine the required performance of both the TRD and 
the calorimeter for particle identification, the signal/background ratio at balloon 
altitudes has to be taken into account. The expected positron to proton ratio 
is e + / p ~ 10 - 4 , and the positron to alpha ratio is e + / a ~ 1 0 - 3 (in the energy 
range available for TS93). Therefore, the system TRD + Si-W calorimeter must 
have a greater than 105 separation power for protons and positrons. A drawing 
of the experimental detector, launched in Fort Sumner, New Mexico (The Land 
of Enchantment) on September 8, 1993, is shown in Fig. 5. A cosmic ray coming 
from outside the Earth will cross approximately 3.2 g/cm 2 of residual atmosphere 
and then, entering the payload, will find in this order the TRD, the top TOF 
counter, the tracking system, the bottom TOF counter, and finally, the Si-W 
imaging calorimeter. 
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Figure 6: Rigidity of noninteracting particles. 

4.1 The Si -W Imaging Calorimeter 

The sampling layer of the calorimeter is an array of an 8 x 8 pair (X-Y) of de
tectors ( 6 x 6 cm2, divided in 16 strips, each 3.6 mm wide).12 The strips in each 
coordinate are connected in parallel and the readout is performed through 16-
channel preamplifiers. Each sampling layer consists of two arrays having 128 + 128 
readout channels.13 A built-in system,14 equipped with ADCs and digital proces
sors, accomplishes the data acquisition and the reduction operations. The Si-W 
calorimeter performance has been measured with a prototype with better con
tainment (9 Xo ) but smaller lateral size at the CERN T7 test beam. A detailed 
description of the design concept and of test beam results are given in Ref. 12. 
The calibration of the detector has been done using noninteracting protons with 
energy > 5 GeV, which define our "snip" unit of energy loss. 

4.2 Preliminary Results of Particle Identification 

In Fig. 6, the rigidity distribution of particles as measured in the tracking system is 
shown; negative values apply to negative-charged particles which show a curvature 
in the spectrometer opposite to that of positive ones. 
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Figure 7: Truncated mean energy loss of noninteracting particles with rigidity 
greater than 4 GeV/c. 

A plot of the average energy loss in the calorimeter for noninteracting particles 
obtained over five out of ten silicon planes with the truncated mean method is 
shown in Fig. 7. The dB/dx distribution clearly shows two peaks. The first 
peak is around 1 mip (protons) and the second at 4 mips (helium). Typical 
patterns of noninteracting and interacting helium nuclei (a particles) as seen in 
the calorimeter are shown in Figs. 8 and 9 together with the number of equivalent 
mips deposited in each silicon layer. The same truncated mean method, applied 
to the distribution of the a energy loss multiplied by a /3 2 factor, gives the results 
shown in Fig. 10; the p value is computed from the rigidity measurement assuming 
the 4He mass. A few events with Z = 3 have also been detected; the calorimeter 
reconstruction of one of these events is shown in Fig. 11. Their energy losses as 
seen in the first plane of the calorimeter and in the top plastic scintillator are shown 
in Fig. 12. The electron candidates are searched for among the negative particles 
with rigidity value less than -4 GeV/c. The electromagnetic shower development 
in the longitudinal and transverse directions has been studied using Monte Carlo 
calculations previously adapted to the test beam data (GBANT code 1 5). The 
obtained algorithm has been optimized using the experimental data obtained from 
the test beam prototype. The application of this recognition technique allows us 
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Figure 11: Reconstructed track in the calorimeter of one particle selected as 
lithium. Experimental data, rigidity greater than 4 GeV/c and less than 
50 GeV/c: Numerical values are in mip. 
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Figure 12: Detected energy, (a) First plane of the calorimeter, (b) Top scintilla
tors. 

to select electron and positron events. Figure 13 shows an electron candidate with 
energy 4.8 GeV, Fig. 14 shows what has been identified as a positron candidate, 
and the TRD information is also shown. Figure 15 is an expanded view of an 
electromagnetic shower. 

5 Dark Matter and Antimatter Searches in the 
Cosmic Flux 

If the measured positron and antiproton fluxes are not reproduced by the secon
dary production hypothesis, it is very interesting to investigate the possibility of 
new sources. Recently, it has been suggested that the "excess" of e + and p could 
be explained by annihilation of heavy supersymmetric particles that are at the 
same time good candidates for dark matter in the galaxies.16 
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Figure 13: Electron candidate in the TS93 apparatus. 
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Figure 14: Positron candidate in the TS93 apparatus. 
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Figure 15: Electromagnetic shower. Numerical values are in mip. 

6 Conclusion 

The recent and future space measurement of p flux can improve on the lower limit 
on the p lifetime T -̂. 

Searches for antimatter in the cosmic flux can give information on exotic 
sources if the antimatter in our galaxy is not all explained by production from the 
primary proton on the interstellar medium. 
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1 Introduction 
Experimental evidence, like the observation of flat rotation curves of spiral galax
ies, and of the anomalous velocity dispersion of objects in galaxy clusters, supports 
the hypothesis that, at least locally, a large amount of matter is invisible.1 

Candidates for this dark matter are nonbaryonic matter, such as axions, mas
sive neutrinos, WIMPs, and baryonic matter, such as gas and massive compact 
objects. 

During the last few years, an intense activity has developed in order to in
vestigate these two possibilities. The most natural candidates for baryonic dark 
matter are aborted stars (MACHOs) with masses above 1 0 - 8 M® (the evaporation 
limit2) and below 0.08 iW© (the ignition threshold). 

2 Microlensing 
As suggested by Paczyiiski,3 dark massive compact objects (MACHOs) could be 
detected in the halo of our galaxy by monitoring the brightness of the individual 
stars in the Large Magellanic Cloud (LMC) using the gravitational microlensing 
effect. Gravitational lensing leads to an apparent temporary brightening of stars 
outside our galaxy as the unseen object passes near the line of sight. The am
plification is given by A = (u 2 + 2)/[u(u2 + 4)^ 2], where u is the undeflected 
"impact parameter" of the light ray with respect to the unseen object in units 
of the "Einstein Radius," RE = (4 GMdLx{\ - ^ / c 2 ) 1 / 2 . Here, Md is the de
flector mass, L is the observer-source distance, and Lx is the observer-deflector 
distance. EROS monitors stars in the LMC with L = 55 kpc, yielding typical 
values RE ~ 2 • 103 RQ^MJ/MQ. For the "standard" isothermal halo model,4 

the rate per monitored star for microlensing events with amplifications greater 
than a threshold amplification AT corresponding to an impact parameter UT, has 
been calculated5 to be 1.66- 10~6UT(MQ/M,I)V2 y r - 1 . The model assumes a total 
galactic mass of 4.0 • 10 u Af© within 50 kpc of the galactic center, which yields 
a flat rotation curve out to the position of the LMC. The time scale for ampli
fication is the time for a halo object to move through an angle corresponding 
to its Einstein radius, and its average is T ~ 75 TJMJ/MQ days. The resulting 
achromatic light curve has a characteristic shape, and, given the small rate for 
microlensing and the preponderance of intrinsically stable stars, the event should 

be the only significant variation on the curve. Because of geometry, the events 
are uniformly distributed in the impact parameter at maximum amplification, 
yielding a distribution of maximum amplifications that falls rather slowly with 
increasing amplification (dN/dA oc 1/A2 for A » 1). 

3 Experimental Technique 
The shape of the light amplification curve due to microlensing and the number 
of expected events, depend upon the MACHOs' masses, and may vary over a 
large range. For an ideal experiment observing 106 stars in the LMC during 107 

seconds, with 100% efficiency to detect an amplification greater than 1.34, the 
mean amplification time and the number of expected events for various masses of 
the MACHOs are summarized in Table 1. 

M Mean amplification Typical number 
(Me) time scale of events 

1 3 months 1 
lO" 2 1 -week 5 
lO" 4 0.7 day 50 
io- 6 2 hours 500 

Table 1: The characteristics of microlensing events as a function of MACHO mass 
M (in units of MQ). The computations are performed for a standard galactic halo 
of 4- 10 u MQ within 50 kpc and for 106 observed stars in LMC; all MACHOs are 
considered to have the same mass. 

This shows that microlensing searches for MACHOs should be conducted in 
two regimes. At high mass (above 1 0 - 3 MQ), we expect a small number of events 
each having a long amplification time, i.e., we need to observe many stars, but 
do not need a short sampling time. In contrast, for low mass MACHOs (below 
1 0 - 3 MQ), the number of expected events is larger, but the amplification time is 
small, i.e., we need to observe fewer stars, but with a good sampling time. 

The EROS Collaboration decided to design two experiments at the same time 
to be able to cover the total mass range. Both experiments take place in the 
European Southern Observatory in Chile and are observing the LMC. 



The long period experiment uses photographic plates on the wide-field Schmidt 
1 m telescope. A plate covers about 5° x 5° in the LMC, and we monitor 8 • 106 

stars. We take one plate with a red filter and one with a blue filter every few 
days, during five months of the year. The program is, therefore, sensitive to 
microlensing events with time scales larger than a few days. 

The short period experiment uses a CCD camera,6 built for this purpose, which 
consists of 16 buttable 579 x 400 pixel Thomson THX 31157 CCDs. Eleven CCDs 
were active in 1991-92, and 15 in 1992-93. The camera is mounted on a 40 cm 
reflector (F/10) refurbished by us and the Observatoire de Haute-Provence. The 
angular area covered is 1.1° x 0.4°. The exposure time was typically ten minutes, 
with up to 46 alternating red and blue images taken per night. The program is, 
therefore, sensitive to microlensing events with time scales larger than 30 minutes. 

Plates have been digitized at the Observatoire de Paris. Both sets of experi
mental data are processed with a homemade photometric program. The first step 
in the analysis procedure is to construct one reference image for each color by 
combining images taken under good atmospheric conditions. From the reference 
images, a star-finding algorithm then establishes a star catalog. Then for each 
image, the magnitude of each star is computed from a chi-squared fit by imposing 
the star position from the catalog. Matching of stars in the two colors is then 
required. We end with light curves as shown in Fig. 1. 

4 The Photographic Plate Experiment 
The plate experiment consists of 304 plates taken at the Schmidt telescope. This 
represents three years of data taking: 56 plates in 1990-91,198 plates in 1991-92, 
and 50 plates in 1992-93; 80 more plates from 1993-94 have not yet been analyzed. 

We begin with 8.5 • 106 stars in our reference catalog. After the elimination of 
images of poor quality, of stars too bright or too faint, and of stars in a difficult or 
crowded environment, there remain 3.8-106 stars detected with sufficient accuracy 
in both colors. Each light curve is then subjected to a series of selection criteria 
chosen to isolate microlensing-like events. The efficiency of these criteria to ac
cept real microlensing events is determined by applying the same cuts to Monte 
Carlo microlensing events that are constructed by amplifying points on randomly 
selected experimental light curves. 
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Figure 1: CCD Experiment. Light curve variable star; 2.5 x lopm (flux) is plotted 
as a function of time in days for the red and blue filters. 
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The analysis of microlensing events first uses the uniqueness of the microlensing 
on one star. For this, we first reconstruct the largest variations and compute their 
significance for the red (Pjj) and for the blue (Pg) curves. Then we reconstruct 
the second largest variation and compute its significance {P\ and F§). 

We first require that the largest variation be significant. The great majority 
of stars exhibit only random fluctuations due to measurement errors. These stars 
are'eliminated mostly by a loose requirement that the most significant variation 
in the blue be compatible in time with the most significant variation in the red. 
After these cuts, 9100 stars remain. Intrinsically variable stars with a very signif
icant second variation are eliminated by requiring that ( P | + P%) for the second 
variation be small in each color; 900 stars survive. At this point, we ask that 
the size of the second variation be small relative to the size of the first variation 

( pi pi \ 

pf + pf ), and are left with 60 stars. Each of the three years is studied sep
arately, and we do not allow a microlensing amplification to be over two years 
of data. We then ask that the dispersion in the studied year be greater than 
the dispersion over two years. This selects light curves with a large dispersion 
where the microlensing is supposed to be, and we are left with only four stars. 
We require that the amplification be achromatic, and only keep two stars. Figure 
2 shows the achromaticity distribution of our last four events, together with the 
results of a Monte Carlo simulation. Figure 3 shows the chromatic variation light 
curves for one of the rejected events. The amplification is about 1.5 magnitude 
greater on the red curve than on the blue one. We end up with two microlensing 
candidates.7 

The first candidate (EROS 1) is shown in Fig. 4. The amplification has been 
fitted to be 2.5 and the time scale 26 days. The amplified star has been studied 
through absolute photometry and spectroscopy. It was found to be a Be star with 
a visible magnitude Mv = 19.11, a color index B — V = 0.35, and an emission 
line in HK. It is located at the right edge of the main sequence in the HR diagram 
(see Fig. 6). The fit of a theoretical microlensing amplification gave a chi-squared 
value of 0.8 per degree of freedom. 

The second candidate (EROS 2) is shown in Fig. 5. The amplification has 
been fitted to be 3.3, and the time scale 30 days. It was found to be a .40 - 2 
main sequence star (see Fig. 6) with a visible magnitude My = 19.38, and a color 
index B — V = 0.04. The fit of a theoretical microlensing amplification gave a 
chi-squared value of 1.2 per degree of freedom. 
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Figure 3: One of the rejected chromatic events. 
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Figure 4: The first EROS candidate. Magnitude is plotted as a function of time 
in days; (a) and (b) are for the blue filter, (c) and (d) for the red filter. 
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Figure 5: The second EROS candidate. Magnitude is plotted as a function of 
time in days; (a) and (b) are for the blue filter, (c) and (d) for the red filter. 
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Using the time of amplification distribution, a 10 - 1 Af0 MACHO mass has 
been computed using the formula quoted in the first section. This is a very rough 
estimate, but it suggests a halo made of large mass MACHOs, or even possibly 
dim main sequence M stars (because of the wide distribution in time scales, the 
mass could be 0.02-0.9 MQ at 95% confidence level). 

5 The CCD Experiment 

During two years of data taking, 8000 CCD frames were exposed. About 45,000 
useful stars were monitored between December 18,1991 and March 31,1992, while 
about 82,000 stars were monitored between August 21,1992 and March 31,1993. 

The CCD analysis is performed in the same spirit as the plate analysis.8 We 
simply tune the algorithms to take into account the different time structure of 
the data. For example, when studying the 1992-93 data, we begin with 82,000 
stars; the criteria using the significance of the main variation and the second 
variation, together with the time compatibility of the main variation in the blue 
and red filters, remove 85% of the stars, and 12,000 remain. After selecting on 
the relative significance of the second and main variations (see Fig. 7), 88 stars 
survive. Their light curves are then examined in detail, and are fitted with the 
theoretical microlensing light curve. Most of the 88 stars show an "unphysical" 
discontinuous flux variation, generally due to inaccurate photometry as a result 
of bad atmospheric conditions or inaccurate telescope guiding. These stars are 
eliminated by requiring good agreement between the time of maximum variation 
in the red and in the blue. After this cut, 11 stars remain. Figure 8 shows 
the location of these stars in the HR diagram. All of them are located in the 
upper part of the plot, in a region containing only 5% of our total sample. This 
is not compatible with microlensing amplification, which should not depend on 
the physical properties of the amplified stars. Six of the remaining stars have 
variations on long time scales {r > seven days), and are concentrated in regions 
of the color-magnitude diagram known to contain many variable stars. For the 
purposes of short time-scale microlensing, we require r < seven days, leaving us 
with five stars. This significantly reduces our efficiency for microlensing events 
only if the lensing objects have Mj > 1O~3M0. 

• The five remaining stars show very small flux variations of an amplitude com
parable with the photometric resolution. All events have reconstructed amplifi-
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Figure 8: The HR diagram for the CCD experiment. The 11 remaining events are 
shown. 

5.0 2.0 1.5 
Amplification A 

1.5 2 2.5 
Impact parameter u 

Figure 9: The expected distribution of reconstructed impact parameters, u, for 
Mi = 1O" 5M 0. The normalization of the distribution is arbitrary. Also shown 
are the five observed events. They are concentrated at high impact parameters 
(low amplifications). 



cations less than 1.16 which, if they were indeed microlensing events, would cor
respond to impact parameters, u > 1.4. Figure 9 shows the distribution of fitted 
impact parameters, u, for Monte Carlo events and for the five observed events. 
In contrast to the observed events, the expected distribution for microlensing 
events is concentrated at small impact parameters. We therefore make a final cut 
requiring impact parameters u < 1.3, leaving no candidates. 

6 Conclusions 
Using our Monte Carlo technique, we compute the number of events expected for 
our experiments as a function of MACHO mass. This is shown in Fig. 10. For 
example, in the CCD experiment we would expect around ten events if the total 
mass of the halo were made of 10 - 6 M 0 MACHOs. It can be clearly seen that the 
lower mass region is covered by the CCD experiment, and the higher mass region 
by the plate experiment. 

6.1 CCD Experiment 

In this experiment, we do not see any microlensing event. Figure 10 shows the 
expected number of events as a function of the deflector mass for a standard 
isothermal halo comprised only of objects of that mass. The expected number 
of events is greater than 2.3 for 5 • 10"8 < Md/M® < 7 • 10"\ so we exclude 
this mass range at the 90% C.L. under the assumption that all objects in the 
Halo have the same mass. The expected number of events is greater than 6.9 for 
3 • 10~7 < MJ/MQ < 1.5 • 10~5, so in this mass range, we exclude the possibility 
that such objects could account for as much as one-third of the halo. The excluded 
range applies to any distribution of mass that is sufficiently concentrated in the 
above range. For example, we consider a deflector mass distribution (see Fig. 11) 
of the form 

dN 
- ^ oc M~a (Mmin <M< 0.08 MQ) , 

and dN/dM = 0 otherwise. Figure 12 shows the excluded zone of the parameter 
space (a, Af m t n ). For a > 2, the halo mass is dominated by objects of mass near 
Mm{n, and we rule out, for a > 3, the range 5 • 1 0 - 8 < Mmin/M0 < 5 • 1 0 - 4 . 
Near a = 2, where each decade of mass contains the same total mass, the region 
1 0 - 1 2 < Mmin/MQ < 1 0 _ s is ruled out. For a < 2, the halo mass is dominated 

- 297 -

22.5 CCD / \ PLATES 

20 

17.5 

1 » 

final..-..^ / 

S.12.S 
X 1 A o 
i! "> : r\'x 
E 
3 

2 7.5 : 

5 : now \ 

2.5 : 
> I , 11 . . • . . 111 i i i I , . I i i . m i n i . t i n . i . . i i 
-7 -6 -5 - • -3 - 2 - 1 0 1 

Log10(moss MACHO) in solor mass units 

Figure 10: Number of events expected for the CCD and plate experiments as a 
function of MACHO mass (we suppose that the total mass of the halo is concen
trated in each bin). 



"-
•a 

17 ° r i 
2 

S ? 
So L 

11 1. 3 
O 
in 11 

o • in o &i 3 * - E — s 
•D 

lo
w

 

o fc. r lo
w

 

MHALO 
(?5 

1 r 
. . . I . . . I . . . I . . i . . . 

- 1 0 0 -6 -4 -2 0 2 

Log10(M) in solar moss units 

Figure 11: Tested mass distribution for the CCD experiment. 

Figure 12: Exclusion plot for the CCD experiment (the inner region is for M,0io/3). 

- 298 -

by high-mass objects, and we derive no interesting limits.9 In the near future of 
the CCD experiment, we will increase our sensitivity by a factor of two just by 
analyzing the 1993-94 and 1994-95 data (see dashed line in Fig. 10). 

6.2 Plate Experiment 

The plate experiment shows two candidates. From the time of amplification, we 
crudely compute a MACHO mass of the order of 10 _ 1 solar mass (with a formal 
one standard deviation error of a factor of three). At this mass, we expect around 
eight events. The microlensed stars are from different spectral classes; one is a Be 
star, and the other is an >10—2 main sequence star, while the gold-plated candidate 
from the MACHO experiment10 is a red giant. This variety of lensed stars is in 
agreement with what is expected for microlensing amplification. At this point, 
we may say that our two candidates are compatible with microlensing, but are 
not incompatible with pre- or post-nova bursts, or with a new type of cataclysmic 
variable star. At present, we are doing high resolution photometry on our two 
candidates to compare the stability of the stars. Clearly, we need more data 
to check the time and amplification distributions against what is expected from 
microlensing. We are now designing a second generation experiment (BROS 2) 
using a larger telescope and a larger camera. This experiment will increase our 
sensitivity by a factor of three for each year of data taking, and will probably— 
begin in the summer of 1995. 
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ABSTRACT 

The field of high-energy neutrino astrophysics is entering an exciting 
new phase as two, new, large-scale observatories prepare to come on 
line. Both DUMAND (Deep Underwater Muon and Neutrino Detec
tor) and AMANDA (Antarctic Muon and Neutrino Detector) had ma
jor deployment efforts in December 1993-January 1994. Results were 
mixed, with both projects making substantial progress, but encoun
tering setbacks that delayed full-scale operation. The achievements, 
status, and plans (as of October 1994) of these two projects will be 
discussed. 
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1 Introduction 
Nature must love neutrinos, because she makes so many of them. Neutrinos 
are more abundant than photons (about 103/cm3; 101 7/sec pass through your 
body). In addition to the enormous density of Big Bang relict neutrinos, effectively 
undetectable due to their tiny energy, neutrinos are produced copiously at solar 
(few MeV) and astrophysical (GeV-EeV) energy scales by a variety of processes. 

Since neutrinos are uncharged, (probably) massless leptons, they interact with 
matter only via the weak force. Thus, while they share some features with photons 
as a probe of the distant universe (straight-line propagation from sources at the 
speed of light), they offer the advantage of being able to penetrate regions with 
moderate mass density such as the center of our galaxy. Neutrinos therefore 
let us observe regions of the universe as yet unseen. High energy photons and 
neutrinos are produced by similar processes, for example, by the decay of mesons 
produced in hadronic interactions of charged particles near a cosmic ray source. 
Compact binary systems, in which a neutron star orbits a giant companion, are 
excellent candidates for copious photon and neutrino production, as protons are 
accelerated in the pulsar's intense, rapidly changing magnetic fields, and interact 
in the periphery of the companion star. One therefore expects to see neutrinos 
from sources that produce high energy gamma rays. While current experiments 
have seen clear gamma ray signals from only a few identifiable point sources,1 this 
almost certainly must be due to experimental limitations. We know that cosmic 
ray hadrons (protons and/or nuclei) are produced in the EeV (10 1 8 eV) region 
beyond the reasonable limit for supernova shock acceleration (thought to account 
for most of the cosmic ray flux below 10 1 5 eV), and if protons are accelerated, 
there must be interactions near the sources yielding photons and neutrinos. 

Other source mechanisms are unique to neutrinos, such as the widely accepted 
models for abundant UHE neutrino production in Active Galactic Nuclei (AGNs).2 

Here, the power source is thought to be a black hole about 1 0 6 - 9 times as massive 
as the Sun, protons are accelerated by shocks in jets or flow in the accretion disk, 
and neutrinos are produced by interactions with the high density of UV or opti
cal photons near the nucleus. Model calculations show that we should expect a 
neutrino spectrum much harder than the normal cosmic ray spectrum, leading to 
a previously-unexpected wealth of neutrinos in the PeV (10 1 5 eV) range (Fig. 1), 
making practical secondary studies such as tomography of the Earth's core. Neu-
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trino observations in the GeV-PeV range thus complement photon observations 
at all energies and provide useful discrimination between some models.3''1 

There are basic physics questions to be answered. Why do neutrinos come in 
three flavors, do they have mass, and are they the solution to the dark-matter 
puzzle? As an example, recent results from the Kamiokande-III5 and 1MB6 un
derground neutrino detectors suggest a substantial deviation from expectation in 
the observed ratio of muon to electron neutrinos produced in the atmosphere; it 
is possible to interpret the data in terms of neutrino oscillations, consistent with 
an island of allowed values in the mixing-angle/mass-difference parameter space. 
Neutrino astrophysics experiments like these provide a way to address such ques
tions with costs an order of magnitude below those of contemporary accelerator 
experiments, i.e., on the order of US $10 million). There is no question that in the 
future, we will have to find ways to do particle physics that make much smaller 
demands on the world economy. 

But for many of us, one of the most attractive features of neutrino astrophysics 
is the virginity of the field. The unexpected is always a possibility, and historically, 
science has made great advances whenever a new mode of viewing the universe 
has been tested. Perhaps the first large-scale neutrino detectors will eventually 
have the significance of Galileo's spyglass. 

The basic concept of a water or ice Cherenkov detector is illustrated in Fig. 2, 
which depicts a neutrino interaction producing a muon. Seawater (or ice) serves 
a triple purpose, acting as a low-cost massive target, supplying a track sensitive, 
transparent medium for production and propagation of Cherenkov radiation by 
charged particles, and also providing a thick, uniform overburden (in contrast 
to underground experiments, with nonuniform material and an irregular surface 
profile) to filter out downward-moving background particles. The water volume 
is instrumented with an array of sensitive photomultiplier tubes (PMTs). The 
attenuation length for light in water at the DUMAND site in the appropriate 
wavelength range is about 40 m, which defines the scale of the transverse spacing 
of detector "strings," and the vertical separation of PMTs is set at 10 m to provide 
adequate photocathode coverage; similar parameters apply to ice. Upward mov
ing neutrinos, having passed through the earth (and thus being accompanied by 
essentially no background, as shown in Fig. 3), interact in the contained volume of 
water or in the nearby seabed, producing muons, charged particles moving near the 
speed of light in vacuo, which will therefore generate Cherenkov radiation in the 



water (n=1.35 in seawater). The Cherenkov light is produced in a characteristic 
cone-shaped pattern, and thus information on the arrival time and pulse inten
sity recorded at each of the photomultiplier tubes can be used to reconstruct the 
muon track direction. For energetic muons, collected photoelectron statistics can 
be sufficient to provide a muon-energy estimate. In the case of "contained events," 
where the event vertex is within the sensitive volume, the hadron-electromagnetic 
cascade can be observed and a more accurate energy estimate made. 

The idea of detecting high energy astrophysical neutrinos is an old one, and 
calls for development of a practical detector date from at least the early '60s.7 Ap
parent anomalies in the underground muon flux8 stimulated interest in underwater 
muon detectors offering uniform overburden and indirectly fostered development 
of the current generation of large-scale neutrino detectors.9 The DUMAND con
cept in more or less its present form has been discussed, and construction projects 
of various degrees of practicality have been proposed since the mid-'70s.!0 The 
water Cherenkov technique was further refined in the early '80s by the successful 
construction and operation of large-scale proton-decay detectors (later used as 
low-energy neutrino observatories) by the 1MB11 and Kamiokande12 Collabora
tions. These projects made it possible for the DUMAND proposal to be accepted 
for construction funding by the U.S. Department of Energy in 1990. The cost and 
risks involved in deep-ocean engineering operations were still a matter of concern. 
At about the same time, the AMANDA group proposed an alternative approach 
in which the Antarctic ice cap replaces the ocean as overburden, target, and de
tecting medium. Deployment operations take place from the stable platform of 
the South Pole Station. AMANDA has its substantial logistical requirements cov
ered by the U.S. National Science Foundation's Office of Polar Programs, which 
supports all scientific research operations in Antarctica. 

The remainder of this article will compare and contrast AMANDA and DU
MAND, ending with a look at initiatives presently being undertaken for the next 
step in detector sensitivity, a second-generation observatory of scale 1 km3. As 
a participant in DUMAND, I hope to avoid any inadvertent bias in this review. 
Two parallel efforts in Europe, the NESTOR project in Greece and the Baikal 
project in Russia, will not be discussed here simply due to lack of space. Both 
projects are making significant progress and will have important effects on the 
development of this rapidly-growing field. 
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Figure 2: Water (or ice) Cherenkov detector concept. 
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Figure 3: Muon angular distribution: background muons from atmospheric cosmic 
ray interactions are cut off by looking only at upward-moving tracks. 



2 DUMAND 
Taking our subjects in order of age, the DUMAND project has been discussed 
in one form or another for nearly 30 years.1 3 The detector presently being con
structed in Hawaii is called DUMAND-II.14 DUMAND-I refers to a ship-suspended 
single prototype string which was successfully operated in 1987.15 The funding 
plan provides for deployment of the full nine-string array (Fig. 4) in two phases: 
first three strings (the triad) as a demonstration, and the remaining six strings 
(complete octagon, plus center string) after about one year of testing and opera
tion. Details of the detector design and physics capabilities have been published 
elsewhere.16 

The Island of Hawaii was selected for a variety of compelling reasons: ex
ceptional water clarity, proximity of an abyssal plain with appropriate seabed 
characteristics to a suitable shore site (30 km away), presence of an active particle 
physics group at the nearby University of Hawaii in Honolulu, and preexisting lab
oratory infrastructure at the shore site, due to an ocean thermal energy research 
project. The latter feature even provided a cost-free conduit for the DUMAND 
shore cable to pass beneath the surf zone, since the thermal energy project involves 
slant drilling of tunnels into the ocean. 

When completed, DUMAND-II will be an array of 216 Optical Modules (OMs 
are photomultiplier tubes plus front-end electronics encased in a standard glass 
oceanographic pressure sphere) deployed on nine vertical strings, which are moored 
in an octagonal pattern with 40 m sides and one string in the center (Fig. 4). The 
instrumented portion of each string begins 100 m above the ocean floor to avoid 
boundary-layer effects. In addition to OMs, the strings include sets of hydrophones 
and other acoustical equipment, as well as calibration modules, in which a con
stant output laser light source is used to excite a scintillator ball viewed by the 
PMTs. 

The array is being deployed on the ocean floor at depth 4800 m, 30 km due 
west from the Kona Coast of the Island of Hawaii (Fig. 5), and is connected to the 
shore laboratory at Keahole Point by a cable combining electrical and fiber optic 
elements, terminating in an underwater junction box. The shore cable contains 
12 fibers (including spares) and a copper layer which supplies 5 kW of electrical 
power at 350 VDC, using a seawater return system. Figure 6 shows an overall 
block diagram for the DUMAND detector system. The underwater site places no 
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Figure 4: DUMAND-II underwater neutrino detector array. 



inherent limitation on possibilities for future expansion of the detector. With all 
nine strings in place, DUMAND will have an effective detection area of 20,000 m 2 , 
instrumenting a column of water which has the height of the Eiffel Tower and its 
width at the base. 

Signals from the PMTs are preprocessed within the optical modules (Fig. 7), 
providing standard pulses which encode time of arrival (to ~ 1 ns accuracy), pulse 
area, and time-over-threshold (TOT), a measure of pulse duration. Data from the 
24 OMs on each string are digitized and serialized in the string controller module 
by a custom 27-channel (including spares and housekeeping) monolithic GaAs 
TDC/buffer/multiplexer chip which operates with 1.25 nsec timing precision and 
two-level internal buffers. The data stream is sent to shore via optical fibers 
(one per string) at 0.5 GHz. A separate optical fiber carries environmental and 
acoustical ranging information which is used to measure the geometry of the array. 

The data system has been designed to cope with the background rate from 
radioactivity in the water (primarily from natural ^K) and bioluminescence and 
still generate minimal deadtime for recording neutrino events. Results from the 
1993 deployment confirmed observations made in the 1987 DUMAND-I experi
ment. 1 7 As Fig. 8 shows, the dark counting rate for a single OM was found to be 
on the order of 60 kHz, primarily due to trace mK in the huge volume of seawater 
each tube views. Noise due to bioluminescence is episodic and likely to be unim
portant after the array has been stationary on the ocean bottom for some time, 
since the light-emitting microscopic creatures are stimulated by motion. iaK and 
bioluminescence contribute mainly one photoelectron hits distributed randomly 
in time over the entire array. 

The raw information is sent to the shore station 30 km away for processing. 
The trigger system looks for patterns in time, space, and pulse height in the OM 
signals consistent with the passage of charged particles through the array. Events 
satisfying the trigger criteria are recorded for further off-line analysis. 

Since 1992, DUMAND teams have been preparing the site and testing un
derwater assembly operations. DUMAND-II requires a reasonably flat site with 
appropriate soil-bearing properties. The selected site has been marked with acous
tical transponders which have been accurately surveyed in geophysical (GPS) co
ordinates (Fig. 9), and its suitability was verified remotely by acoustical imaging, 
film camera, and video recordings; in addition, DUMAND personnel have cruised 
the area in a manned submarine, the U.S. Navy's DSV Sea Cliff, to verify that 
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the site is flat and free of any undesirable features. These preliminary operations 
also confirmed the exceptional clarity of the water, with an attenuation length of 
about 40 m in the appropriate wavelength band. 

We need to point reconstructed muon tracks onto the celestial sphere with an 
accuracy better than 1° (the median angle between primary v and secondary p 
at 1 TeV). This means that relative OM locations must be known to the order of 
a few centimeters, and the overall geographical orientation of the array must be 
known to much better than 1°. The Global Positioning Satellite (GPS) system 
plus conventional oceanographic acoustical survey techniques allow us to measure 
the geographical coordinates of underwater fiducials (acoustical transponders) to 
within a few meters, satisfying the geographical orientation requirement. We were 
unable to find a commercial system able to reliably provide the OM positioning ac
curacies required, so we designed our own sonar system, which measures acoustical 
signal transit times with 10 /isec precision using frequency-modulated chirps and 
matched filtering via DSPs.1 8 Other components of the environmental monitoring 
system measure oceanographic parameters such as water currents, temperature, 
and salinity (needed to calculate the local speed of sound). 

In December of 1993, the DUMAND scientific team and the crew of the Uni
versity of Washington oceanographic ship R/V Thomas G. Thompson successfully 
deployed the first major components of DUMAND, including the junction box, 
the environmental module, and the shore cable, with one complete OM string 
attached to the junction box. Other DUMAND personnel prepared the shore sta
tion for operation. The procedures for the lowering and cable laying operations 
had been worked out in practice runs. Cable laying equipment was leased and 
mounted on the ship. Environmental monitoring equipment and the site-defining 
navigational sonar array were also laid out and used in the deployment operation. 

The basic infrastructure for DUMAND, comprising the underwater junction 
box, the 30 km optical fiber/copper cable to shore, and the shore station facility, 
are now in place. The deployed string was used to record backgrounds and muon 
events. Unfortunately, an undetected flaw in one of over 100 electrical penetrators 
(connectors) used for the electronics pressure vessels produced a small water leak. 
Seawater eventually shorted out the string controller electronics, disabling further 
observations after about ten hours of operation. In January 1994, the disabled 
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west longitude 

Figure 9: Contour map of the DUMAND site (depths in meters below sea level), 
showing placement of acoustical transponders, junction box, and cable as surveyed 
during the December 1993 deployment operation. 

string was remotely released by an acoustical signal, recovered at sea, and returned 
to Honolulu for diagnosis and repair. The fault has been analyzed and quality 
assurance procedures to avoid future recurrences have been put in place. 

In addition to the refurbished first string, two further strings are currently 
undergoing final assembly and testing. We plan to make extensive deep water tests 
of these three strings before mooring them at the DUMAND site. Surface ship and 
underwater vehicle resources needed to carry out deployment and interconnection 
operations will be available in 1995. 

After redeployment of the first string of OMs, each successive string will be 
moored at the vertices of an octagon at a radius of 40 m. Acceptable placement 
error is about 5 m; this tolerance can be readily achieved using available ships with 
dynamic positioning capability (basically, GPS navigation coupled to the ship's 
thrust era), according to simulation studies performed by a marine operations con
sulting firm. Strings will be connected to the junction box by an umbilical cable 
and wet-mateable electrical/fiber-optic connector. Using a mockup junction box 
and string mooring, the U.S. Navy's Advanced Tethered Vehicle (ATV) carried 
out successful tests of the connecting operation in 1992, proving that tethered 
remotely operated vehicles (ROVs, which are cheaper and more readily available 
than manned submersibles) are also an option for DUMAND underwater mainte
nance activities. 

Although the success of the DUMAND deployment was marred by the failure of 
a single penetrator, enough was learned from the limited period of live operation to 
be confident that it will be possible to complete and operate the whole DUMAND 
array. The failure provided an undesired but nonetheless useful opportunity to 
test procedures for recovering faulty equipment from the sea, an essential task 
for long-term operation. The overall plan is to install and operate three strings 
as a full-up demonstration, and then proceed to deployment of the remaining six 
strings after about a year of test operation. 

Further information on DUMAND is available via the DUMAND Home Page 
on the World Wide Web. The URL address is 

http://web.phys.Washington.edu/dumand.html . 

http://web.phys.Washington.edu/dumand.html


3 AMANDA 
The Antarctic Muon and Neutrino Detector (AMANDA) uses the same fundamen
tal detector concept as DUMAND, but substitutes polar ice for abyssal seawater.20 

Photomultiplier tubes are placed in vertical shafts melted into the icecap at the 
South Pole, and data acquisition is handled in a counting house established at the 
surface.21 The detector layout is depicted in Fig. 10. 

This approach exploits two significant advantages of ice as a medium. It is 
a stable solid, and it is biologically and radiologically sterile. The ice forms a 
rigid, adaptive support for the OM strings, and thus, the need for measuring OM 
positions is reduced from a continuous monitoring process to a one-time survey 
procedure during deployment. Backgrounds due to bioluminescence and natural 
radioactivity such as 40K are effectively absent, reducing the background noise 
rate substantially, and allowing lower true event rates per sky pixel to be detected 
as a significant excess.22 

Only the Antarctic plateau provides a layer of ice of sufficient depth, about 
3 km total (although deployment depths are for practical purposes limited to about 
2 km). While real logistical costs are very high, the U.S. National Science Foun
dation operates a vigorous, well-supported research program in Antarctica. One 
significant result is ample support for the operational aspects of AMANDA from 
a source independent of conventional particle physics funding. The U.S. South 
Pole Station is well-equipped and staffed year-round. Access is by air only, and 
field operations can take place only during the Austral summer season, roughly 
October through February. A small staff of technicians and scientist volunteers 
are to remain icebound through the six-month winter season, maintaining experi
ments and forwarding limited amounts of data to the continental U.S. via satellite 
links and land lines. While data rates for communications will be improving over 
the next few years (plans exist to provide the South Pole Station with 56 kB/sec 
Internet access), AMANDA presently must depend to some extent on suitcases 
full of tape cassettes for data transfer. 

Since the data acquisition system is only a short distance away from the OMs, 
at the surface of the ice, AMANDA does not require front-end electronics to be 
built into the optical modules or a local string controller; the OMs, as shown 
in Fig. 11, are thus just PMTs in a glass pressure sphere (the same type used in 
DUMAND), connected to the outside world by coaxial cable (which also carries in 
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the high voltage power supply). Signal degradation produces some limitations on 
cable length, but for the relatively shallow depths used thus far and planned for the 
next stage of deployment, there should be no significant loss of timing information. 
The advantage of having foolproof, simple, dumb OMs is very tangible. 

The remote location, with highly limited access and long supply lines, causes 
fewer difficulties than might be imagined, although careful planning is essential 
(and enforced by Antarctic Program management, who have long experience in 
these matters). One is about 5000 km from the nearest electronics parts store, 
and half the useful season can be lost waiting for a forgotten item, so the supply 
of spares and equipment must be thought through very carefully and stringent 
predeployment testing is required. 

An additional problem is the need for fuel to melt holes over one km deep 
and about 60 cm in diameter for string deployment. The initial deployments took 
advantage of a cache of surplus aircraft fuel at the South Pole, stored too long to 
be certifiable for aircraft use but perfectly suitable for ice-melting. This supply 
has been consumed, and future deployments will require every liter of fuel to be 
flown in (along with all other supplies). Since the existing shafts (approximately 
1 km deep) consumed about 12,000 liters of fuel each, and deeper shafts require 
disproportionately larger amounts of fuel, this is a serious concern. However, 
experience from the initial operations led to a more efficient drill design, now 
under construction, and it is expected that the deeper holes now required can be 
made without substantially increasing the fuel requirements. 

A test string of four 20 cm diameter OMs was successfully deployed and oper
ated at an 800 m depth in 1992. The PMTs used were available from a previous 
experiment, and OM size was limited by drilling capabilities. Data on the flux 
of Cherenkov light from down-going muons were interpreted to mean that the ice 
at ~ 1 km was essentially bubble-free, and results from this test were considered 
sufficiently promising to proceed to a first-stage deployment of four full strings, 
each containing 20 OMs, in 1994. In this operation, the drilling system performed 
very well, operating nearly continuously for about 45 days and drilling holes at 
the rate of 90 hr/km. 

The OM signal characteristics from the 1994 deployment were about as ex
pected: timing resolution about 5 nsec, stable operation with gain 108, and dark 
noise rate about 2 kHz. Of the 80 OMs deployed, 73 were operating well five 
months later, a reasonable survival rate. In addition to coaxial cables carrying 
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power down and signals up, the strings included optical fibers to distribute cali
bration signals from a laser source on the surface to each OM. Each optical fiber 
terminates in a nylon diffusing sphere located 30 cm from its OM. 

Unfortunately, laser calibration signals were found to have transit times be
tween diffuser balls and OMs that were much longer than expected for unob
structed straight-line paths. Figure 12 shows two examples of transit time distri
butions, with the geometrical distance between source and OM corresponding to 
arrival-time delays of 91 and 142 nsec, respectively.22 As can be seen from the 
figure, the mean arrival time is more than five times longer, and even the earliest 
arrivals take nearly twice as long as expected to reach the OMs. These data have 
been carefully analyzed by the AMANDA group, and the conclusion is that (a) the 
absorption length of 475 nm photons in polar ice is about 60 meters, but (b) the 
ice contains a significant density of bubbles which produces an effective scattering 
length of only 20 cm. Figure 13 shows that the arrival time data provide a good 
fit to these hypotheses. 

The depth dependence of the scattering length is consistent with results from 
microscopic examination of ice cores from Greenland and Vostok (a Russian 
Antarctic base). At Vostok, where the altitude and snow accumulation rate differ 
from the South Pole but the ice temperature profile is similar, core samples show 
fewer than 0.5 bubbles/cm3 below a 1280 m depth. This gives hope that putting 
the AMANDA strings only a few hundred meters deeper will eliminate the scat
tering problem. The strategy therefore will be to deploy the next set of strings 
in 1995-96, taking advantage of the verified 60 m absorption length to increase 
OM spacing, and putting the strings in below 1500 m to avoid bubbles. With 
an increase to 15 m vertical OM spacing, a considerably larger volume can be 
instrumented. Six strings of 13 OMs each will be deployed in a circular pattern 
with 60 m radius. The new drilling system may also make it possible to go to 
larger diameter phototubes, although current plans call for using the same PMTs 
used in previous deployments.23 

As with DUMAND, the results of the 1994 AMANDA deployment did not in
clude detection of astrophysical neutrinos but did demonstrate important aspects 
of the technique. Despite the short scattering length, which in effect reduces track 
reconstruction accuracy to ±10° on the sky, it was possible to perform a number 
of tests which verified the general viability of the AMANDA concept using the 
1994 array. AMANDA has much less overburden than DUMAND, and therefore, 
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a much higher background rate due to downward-going muons. However, the ab
sence of bioluminescence and natural radioactivity makes the OM singles noise 
rate much lower, about 2 kHz as compared to 60 kHz. The mean OM dark noise 
rates observed (1.8 kHz) are about half what had been anticipated. 

Finally, it was possible to operate the strings in coincidence with the South 
Pole Air Shower Experiment (SPASE), which is located about 800 m away from 
the AMANDA site. Extensive air showers arriving with zenith angles between 37 
and 46 degrees with appropriate azimuth should be seen by both experiments, 
and this mode of operation has been successfully demonstrated by using SPASE 
triggers to log AMANDA data. 2 4 

Further information on AMANDA is available via the AMANDA Home Page 
on the World Wide Web. The URL address is 

http://spice2.physics.wise.edu/amanda2.html . 

4 Comparison of AMANDA and DUMAND 
The following table compares salient features of the two detectors. In addition to 
common features, both projects have a set of unique advantages and disadvan
tages, often in the form of a tradeoff. For example, AMANDA has rigidly fixed 
OM positions and the ability to locate front-end electronics very near the detec
tor elements on the surface just above the array. On the other hand, DUMAND 
strings can be readily released and recovered for repair or repositioning, and the 
use of fiber optic data transmission makes cable length irrelevant. DUMAND's 
thick seawater overburden greatly reduces event backgrounds due to down-going 
muons, at the expense of heavier singles rates due to radioactivity and biolumi
nescence, while AMANDA's ice overburden is less than half as thick but makes 
no contribution to dark noise. The real costs of deployment are probably about 
equal, but AMANDA's. logistical costs are part of a very large Antarctic research 
enterprise in which AMANDA is (at present) a small perturbation, while DU
MAND's costs are a very visible portion of their budget (although, in fact, ship 
and submarine time should eventually be available by interagency cooperation). 
The two groups have had similar outcomes from their first major deployment at
tempts this year: partial proof of concept, but not the definitive proof offered by 
unambiguous neutrino detection. 

http://spice2.physics.wise.edu/amanda2.html


Table 1: COMPARISON BETWEEN DUMAND AND AMANDA 
DUMAND AMANDA 

Seawater — high noise Ice - low noise 
• *°K background • No A0K background 
• Bioluminescence • No bioluminescence 

Deep: 5000 m Shallow: 1000 m 
• Low event background • High event background 
• Smart OMs • Simple OMs 
• Digital fiber-optic data transfer • Analog signals to surface—coax cable 
• Complex underwater electronics • Simple OMs—processing on surface 

Underwater Under ice 
• Track visibility proven • Bubbles remain at 1000 m 
• Well-developed commercial • Environment less well-known 

technologies 
• DSV/ROV required • Direct access from surface 
• Recoverable after deployment- • Not recoverable once deployed 

Hawaii Antarctica 
• Easy access year-round • Restricted access to site 
• Local high-tech facilities • Limited facilities at site 
• Local university group • No permanent residents 

(resident staff planned) (but continuous staffing) 
• Near-equatorial site: daily • Polar site: fixed view of 

scan of celestial midlatitudes celestial northern hemisphere 

Common Features: 
Same basic techniques used 

Overall costs ~ same 
Site permits expansion to next-generation size (1 km3) 
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While both DUMAND and AMANDA are pursuing the Cherenkov light tech
nique, earlier investigations have suggested that a very large volume detector of 
high energy neutrinos can be constructed at very low cost using acoustical de
tection. The deposition of energy in the water by produced particles generates a 
low level characteristic bipolar sound pulse with an effective frequency spectrum 
peaked in the range 30 to 60 KHz. The hydrophone array built into DUMAND 
for its positioning system is very efficient in this range, and should be capable of 
detecting particle cascades of about 1 PeV at a range of 40 m. 1 9 Simulation stud
ies suggest that by using noise cancellation and signal coherence techniques (i.e., 
treating our set of hydrophones as a phased array), it will be possible to system
atically enhance noise rejection and detect high energy particles. The DUMAND 
array will be equipped to observe coincidences of OM and acoustical signals, and 
this will provide the first direct practical test of acoustical detection. DUMAND 
will also supply acoustical equipment to AMANDA for tests of acoustical detection 
in the ice. 

Throughout the process of detector construction and deployment, the two 
groups have engaged in mutual assistance and cooperation despite the inevitable 
sense of competition. It is quite likely that at some point in the future, we will be 
working together directly to focus resources and expand capabilities. The present 
DUMAND and AMANDA arrays, even after all currently planned deployments 
are completed, will serve primarily as test beds and prototypes for a much larger 
detector. 

5 The Next Step: Km 3 

Both the DUMAND and AMANDA groups acknowledge that detectors with effec
tive areas on the order of 104 m 2 provide marginal capability for detecting neutrino 
sources given present theoretical estimates as well as data on gamma rays. The 
aim of the present generation of detectors, including Baikal and NESTOR, is to 
demonstrate the value of neutrino astronomy by providing the first look at the 
neutrino sky. Definitive results will be likely to come from the next generation 
of neutrino detectors, which must have sensitive volumes on the order of a cu
bic kilometer. Given the history of DUMAND, with a delay of nearly 30 years 
between the first discussions of the detector concept and its materialization in 
hardware, everyone with an interest in neutrino astronomy is concerned about re-



ducing the lead time for the next step. In part, during the early years DUMAND 
was a concept waiting for the development of appropriate technology, e.g., wet-
mateable fiber optics connectors, which became available in the late 80s), but it is 
certainly not too early to begin design and organizational activities on the second 
generation now. 

It seems clear that both the deep-sea and polar-ice approaches have valuable 
features as well as problems that are not yet resolved, at least to the satisfaction 
of the community at large. At present, it is still possible that AMANDA will find 
no end to its bubble problem at practical depths. Similarly, although the basic 
feasibility and technological issues are resolved, it is essential for DUMAND to 
definitively demonstrate its ability to overcome component reliability problems 
and operate a complex detector system deep underwater on a long-term basis. 
If either group fails to achieve these goals, the direction for future work will be 
clear; in the happy circumstance that both detectors work as planned, a decision 
about whether the km3 detector should be underwater or in the ice will be based 
on assessment of results from initial runs. 

Several significant initiatives took place in early 1994: a workshop held at the 
Jet Propulsion Laboratory led to the formation of a U.S.-based coalition to pur
sue a cubic kilometer detector, and later the European Community's Megascience 
Workshop resulted in a similar European coalition. At the 1994 Snowmass Sum
mer Study (entitled "Particle and Nuclear Astrophysics and Cosmology in the 
Next Millenium"), an interest group combining both coalitions was organized. 
The existing BAND groups (Baikal, AMANDA, NESTOR, DUMAND) are work
ing with the JPL group and others to organize workshops aimed at preparing a 
conceptual proposal before the end of 1995, so that funding initiatives can begin 
promptly. Already, JPL workers have begun development of new OM designs 
which have extremely low power consumption and use optical fibers for power as 
well as data transmission. Interested individuals should join the group to keep 
apprised of progress; consult the World Wide Web for further details: 

http://web.phys.Washington.edu/ko3.html . 
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ABSTRACT 
Prom 1988 to 1994, the Advanced Cosmic Microwave Explorer (ACME) flew six 
times on balloons and observed three times from the South Pole. Observing 
degree-scale anisotropy in the Cosmic Background Radiation over an angular scale 
from 20 to 120 arc minutes and over a wavelength range from 1 to 12 mm, the 
ACME experiments have made significant contributions to our understanding of 
the CBR including the first detection of degree-scale anisotropy at a level of 
10-40 ppm, the first measurement of the CBR power spectrum at degree scales, 
and the first evidence for a rise in the power spectrum at sub-degree scales. 

These results have subsequently been largely corroborated by other experi
ments. Such measurements allow us to begin to critically test cosmological models 
in a quantitative fashion and have set the stage for the possibility of measuring a 
number of critical cosmological parameters in the next generation of experiments. 
Because of the extreme sensitivities needed (1-10 ppm) and the difficulties of 
foreground sources, the next generation of measurements will require not only 
technological advances in detector and measurement techniques, but also multi-
spectral measurements and careful attention to low-level systematic errors as well 
as an understanding of diffuse galactic and extragalactic emission. 

Parts of this paper are adapted from my IAU 1994 paper. 
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1 Introduction 
The Cosmic Background Radiation (CBR) provides us with a unique opportunity 
to test cosmological theories in detail. It is one of the few fossil remnants of the 
early universe to which we have access at the present. Spatial anisotropy mea
surements of the CBR, in particular, can provide a probe of density fluctuations 
in the early universe. If the density fluctuation spectrum can be mapped, these 
results can be combined with other measurements of large-scale structure in the 
universe, such as galaxy surveys, to provide a coherent cosmological model. 

Recent measurements of CBR anisotropy have provided us with some exciting 
results in the last few years. The large-scale anisotropy detected by the COBE 
satellite allows us to normalize the cosmological power spectrum at long wave
lengths. This detection at a level of AT/T = 10~5 at 10° gives us crucial infor
mation at scales above ten degrees about the primordial fluctuations. The largest 
scales do not, however, define the subsequent evolution of the CBR structure in 
the collapse phase after decoupling. In addition, the limited number of sky patches 
available at large scales, along with the fact that we are only able to sample our 
local horizon and not the entire universe (cosmic variance), limits the informa
tion available from larger scale measurements. Additional measurements must be 
made at smaller angular scales. 

2 CBR Anisotropy Measurements 
The temperature of the CBR is currently measured by the COBE to be about 
2.73 Kelvin, and hence, the spectrum of the cosmic background radiation peaks 
in the millimeter-wave region. Figure 1 shows a plot of antenna temperature vs. 
frequency, demonstrating the useful range of CBR observation frequencies and 
the various foregrounds and backgrounds involved. The obvious regime for CBR 
measurements is in the microwave and millimeter-wave regions between about 20 
and 200 GHz (1.5 to 15 millimeters). 

In the microwave region, the primary extraterrestrial foreground contaminants 
are galactic synchrotron and thermal bremsstrahlung emission. Below 50 GHz, 
both of these contaminants have significantly different spectra than CBR fluctu
ations. Because of this, multifrequency measurements can distinguish between 
foreground and CBR fluctuations (provided there is large enough signal to noise). 

Galactic and Atmospheric Emission 

Figure 1: Relevant backgrounds for tenestrial measurements at the South Pole 
and at balloon altitudes (35 km) where ACME observes. Representative galactic 
backgrounds are shown for synchrotron, bremsstrahlung, and interstellar dust 
emission as well as the various ACME (center) wavelength bands. 



Above 50 GHz, the primary contaminant is interstellar dust emission. At 
:quencies above 100 GHz, dust emission can be distinguished from CBR fluctu-
ions spectrally, also using multifrequency instruments. 

At all observation frequencies, extragalactic radio sources are a concern. For an 
periment with a collecting area of 1 m 2 (approximately a 0.5° beam at 30 GHz 
r sufficiently underilluminated optics), a 10 mJy source will have an antenna 
mperature of 7 /iK, which will produce a significant signal in a measurement 
th a sensitivity of AT/T « 1 x 10~6. Extragalactic radio sources have the 
sadvantage that there is no well-known spectrum which describes the whole 
iss. For this reason, measurements over a very large range of frequencies and 
gular scales are required for CBR anisotropy measurements in order to achieve 
sensitivity of AT/T « 1 x 10~6. In Fig. 2, we show our best estimate for the 
iction of sky uncontaminated by the galaxy. There is substantial uncertainty 
out our understanding of galactic emission so this is only an estimate. However, 
sed on our degree-scale measurements with ACME and the COBE results at 
ge angular scales, we have some confidence that these are reasonable model 
imates. One of the secondary measurements to come out of the next generation 
CBR measurements will indeed be greatly refined galactic models. 

Instrumental Considerations 
Dorbital measurements differ from orbital experiments in at least one impor-
it area, namely, our terrestrial atmosphere is a potential contaminant. A 
>d ground-based site like the South Pole has an atmospheric antenna tem-
ature of 5 K at 40 GHz, for example. For a measurement to reach an error of 
7T « 1 x 10~6, the atmosphere must remain stable over six orders of magni-
[e. In addition to this, the atmosphere will contribute thermal shot noise. At 
loon altitudes, atmospheric emission is three to four orders of magnitude lower 
I much less of a concern. In addition, the water vapor fraction is extremely 

at balloon altitude. Satellite measurements avoid this problem altogether. 
Kther consideration for CBR anisotropy measurements is the sidelobe antenna 
jonse of the instrument. Astronomical and terrestrial sources away from fore-
it can contribute significant signals if the antenna response is not well-behaved, 
ierilluminated optical elements and off-axis low blockage designs are typically 
rioyed for the task. The sidelobe pattern can be predicted and well-controlled 

Figure 2: Galactic model estimates for the fraction of sky uncontaminated below a 
given level. The model includes synchrotron, bremsstrahlung, and dust emission. 
The synchrotron model is given for two different spectral indices. Far off the 
galactic plane (where we are most interested in measuring), the steeper spectral 
index is more appropriate. The dust model is based on the IRAS 100 micron map 
combined with our dust data from the mu-Pegasus region. 



with single-mode receivers, but appears to be viable for multimode optics as well. 
Even with precautions, sidelobe response will remain an area of concern for all 
experiments. 

Most of the measurements discussed in the previous section were limited by 
receiver noise when atmospheric seeing was not a problem. It is possible to build 
receivers today with sensitivities of 200-400 fj.K~-/s using HEMTs (High Electron 
Mobility Transistors) or bolometers. A balloon flight obtaining ten hours of data 
on ten patches of sky, for example, could achieve a 1 a sensitivity of 6.7 fiK or 
AT/T = 2.5 X 10" 6 per pixel using one such detector. 

To map CBR anisotropy with a sensitivity of AT/T = 1 x 10~6 requires 
more integration time, lower noise receivers, or multiple receivers. A 14-day, 
long-duration balloon flight launched from Antarctica could result in a per-pixel 
sensitivity of AT/T = 5 x 106 if 1000 patches were observed with a single detector 
element. A more ambitious balloon-borne measurement would be a 100-day mis
sion with a focal plane array. With a nine-element array, it is possible to reach a 
sensitivity per pixel of AT/T = 5 X 106 on as many as 105 pixels in a flight. Such 
a flight would cover a significant fraction of the sky. 

Ground-based measurements from the South Pole are also very promising. The 
large atmospheric emission (compared to the desired signal level—a few million 
times larger!) is of great concern, and based upon actual experience, even in the 
best weather, there is significant atmospheric noise. Estimated single difference 
atmospheric noise with a 1.5° beam is about 1 mK^/s at 30 GHz during the 
best weather. This added noise, as well as the overall systematic atmospheric 
fluctuations, makes ground-based observations challenging but so far possible, 
and in fact, yielding the most sensitive results. 

One possible approach to making a precision measurement of the power spec
trum is to use an array of very low noise receivers and obtain the necessary integra
tion time by flying a number of long-duration balloons. Should the long-duration 
balloon effort prove inadequate, the only means toward the goal of mapping CBR 
anisotropy at this level may be a dedicated satellite. Again, the receivers on 
such a satellite would have to be low noise. The minimal cryogenic requirements 
for HEMT amplifiers make them an obvious choice for satellite receivers, but 
bolometric receivers using ADR coolers or dilution refrigerators offer significant 
advantages at submillimeter wavelengths. 

4 History of the ACME Experiments 
In 1983, with the destruction of the 3 mm mapping experiment (Lubin et al, 
1985),l we decided to concentrate on the relatively unexplored degree-scale region. 
Motivated by the possibility of discovering anisotropy in the horizon scale region 
where gravitation collapse would be possible and with experience with very low 
noise coherent detectors at balloon altitudes, we started the ACME program. A 
novel optical approach, pioneered at Bell Laboratories for communications, was 
chosen to obtain the extreme sidelobe rejection needed. In collaboration with 
Robert Wilson's group at Bell Labs, a one-meter, off-axis Gregorian optical system 
was designed and machined. A lightweight, fully-automated, stabilized, balloon 
platform capable of directing the one-meter, off-axis telescope was constructed. 
As the initial detector, we chose a 3 mm SIS receiver. Starting with lead alloy SIS 
junctions and GaAs FET preamplifiers, we progressed to Niobium junctions and 
a first generation of HEMTs to achieve chopped sensitivities of about 3 mK -\/sec 
in 1986 with a beam size of 0.5° FWHM at 3 mm. 

The first flight was in August 1988 from Palestine, Texas. Immediately af
terwards, it was shipped to the South Pole for ground-based observations. The 
results were the most sensitive measurements to date with 60 /iK errors per point 
at 3 mm. The primary advantage of the narrow band coherent approach is il
lustrated in Fig. 1 where we plot atmospheric emission versus frequency for the 
South Pole (or 4 km mountain top) and 30 km balloon altitudes. With a proper 
choice of wavelength and bandpass, extremely low residual atmospheric emission 
is possible. (Total < 10 mK. The differential emission, over the beam throw, is 
much smaller.) Another factor of ten reduction is possible in the "troughs" in 
going to a 40 km altitude. The net effect is that atmospheric emission does not 
appear to be a problem in achieving pK level measurements, if done appropriately. 

Subsequently, ACME has been outfitted with a variety of detectors including 
SIS junctions, direct amplification detectors using HEMTs and bolometers. These 
remarkable devices developed largely for communication purposes are superb at 
cryogenic temperatures as millimeter wavelength detectors. Combining relatively 
broad bandwidth (typically 10-40%) with low noise characteristics and moderate 
cooling requirements (including operation at room temperature), they are a good 
complement to shorter wavelength bolometers allowing for sensitive coverage from 
10 GHz to 200 GHz when both technologies are utilized. The excellent cryogenic 
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Figure 3: The basic ACME configuration is shown. All of the ACME measure
ments, both South Pole and balloon borne, use the same basic configuration with 
the primary change being a different dewar and secondary mirror. 

performance is due in large part to the efforts of the NRAO efforts in amplifier 
design (Pospieszalski, 1990).2 We have used both 8-12 mm and 6-8 mm HEMT 
detectors on ACME, these observations being carried out from the South Pole 
in the 1990 and 1993 seasons. The beam sizes are 1.5° and 1° FWHM for the 
8-12 mm and 6—8 mm HEMTs, respectively. Units using both GaAs and InP 
technology have been used. The lowest noise we have achieved to date is 10 K 
at 40 GHz, this being only 3.5 times the quantum limit at this frequency. These 
devices offer truly remarkable possibilities. Figure 3 shows the basic experiment 
configuration. 

There have been a total of 11 ACME CMB observations/flights from 1988 to 
1994. Over 20 articles and proceedings have resulted from these measurements 
as well as seven Ph.D. theses. A summary of the various observations is given in 
Table 1. 

Date Site Detector System 

Beam 

FWHM Sensitivity 

(deg.) 

0.5 4 mK sl" 

0.5 3.2 

0.5 12, 2, 5.7, 7.1 

0.5 0.7, 0.7, 5.4 

0.5 3.2 

1.5 0.8 

0.5 0.6, 0.6, 4.6 

1988 Sept Balloon1* 90 GHz SIS receiver 

1988 Nov-1989 Jan South Pole 90 GHz SIS receiver 

1989 Nov BalloonFS MAX photometer (3,6,9,12 cm-') JHc 

1990 Jul Balloon"" MAX photometer (6,9,12 cm"1) JHc 

1990 Nov-1990 Dec South Pole 90 GHz SIS receiver 

1990 Dec-1991 Jan South Pole 4 Channel HEMT amp (25-35 GHz) 

1991 Jun Balloon1* MAX photometer (6, 9,12 cm-') sHe 

1993 Jun Balloon MAX photometer (3,6,9,12 cm"1) ADR 0.55-0.75 0.6,0.5,0.8,3.0 

1993 Nov-1994 Jan South Pole HEMT 25-35 GHz 1.5 0.8 

1993 Nov-1994 Jan South Pole HEMT 38-45 GHz 1.0 0.5 

1994 Jun Balloon MAX photometer (3, 6, 9,14 cm"') ADR 0.55-0.75 0.4, 0.4, 0.8, 3.0 

Table 1: CBR measurements made with ACME. 

Sensitivity does not include atmosphere which, for ground-based experiments, can be substantial. 

P-Palestine, TX 
FS-Fort Sumner, NM 

5 The ACME-MAX Experiments 
During the construction of ACME, a collaboration was formed between our group 
and the Berkeley group (Richards/Lange) to fly bolometric detectors on ACME 
(to replace the coherent detectors initially used). This fusion is called the MAX 
experiment and subsequently blossomed into the extremely successful Center for 
Particle Astrophysics' CBR effort. Utilizing the same basic experimental config
uration as other ACME experiments, MAX uses very sensitive bolometers from 
about 1-3 mm wavelength in three or four bands. Flown from an altitude of 
35 km, MAX has had five very successful flights. The first MAX flight (second 
ACME flight) occurred in June 1989 using 3He cooled (0.3 K) bolometers, and the 
most recent flight occurred in June 1994 using ADR (Adiabatic Demagnetization 
Refrigeration) cooled bolometers. All the MAX flights have had a beam size of 
near 0.5°. 



6 Evidence for Structure Prior to COBE 
Prior to the COBE launch, ACME had made two flights and one South Pole 
expedition. Prior to the April 1992 COBE announcement, ACME had flown four 
times and made two South Pole trips with a total of seven measurements. Our 
1988 South Pole trip with ACME outfitted with a sensitive SIS (Superconductor-
Insulator-Superconductor) receiver resulted in an upper limit at 0.5° of AT/T < 
3.5 x 10~5 at 0.5° for a Gaussian sky. This was tantalizingly close to the "minimal 
predictions" of anisotropy at the time and, as we were to subsequently measure, 
just barely above the level of detectability. In the Fall of 1989, we had our first 
ACME-MAX flight with a subsequent flight the next summer (so-called MAX-
II flight). Remarkably, when we analyzed the data from this second flight, we 
found evidence for structure in the data consistent with a cosmological spectrum. 
This data was taken in a low dust region and showed no evidence for galactic 
contamination. This data in the Gamma Ursa Minoris region ("GUM data") was 
first published in Alsop et al. (1992)3 prior to the COBE detections. At the time, 
our most serious concern was of atmospheric stability, so we decided to revisit 
this region in the next ACME flight in June 1991. In the meantime, ACME was 
shipped to the South Pole in October 1990 for another observing run, this time 
with both an SIS detector and a new and extremely sensitive HEMT receiver. At 
scales near 1°, close to the horizon size, results from the_ South Pole usingthe 
ACME with a HEMT-based detector place an upper limit to CBR fluctuations of 
AT/T < 1.4 x 1 0 - s at 1.2° (Gaier et al, 1992).4 This upper limit for a Gaussian 
autocorrelation function sky was computed from the highest frequency channel. 
This data set has significant structure in excess of noise but seemed unlikely to 
be CBR given the spectrum. However, because the data is taken in a step scan 
and not as a continuous scan, it is not possible to eliminate the possibility that 
the structure seen is cosmological, since the beam size varies from channel to 
channel. Under the assumption that the structure seen is cosmological, a four-
channel average of the bands yields a detection at the level of AT/T = 1 x 10~5. 
This is about the same level we measured subsequently in the SP '94 dataset. 
Analysis of dust and synchrotron maps from the area of the sky surveyed with 
reasonable spectral indices predict that the signal level observed is not consistent 
with dust or synchrotron. 

Additional analysis of the 1991 ACME South Pole data using another region 
of the sky and with somewhat higher sensitivity shows a significant detection at a 
level of AT/T = 1 X 10" 5 (Schuster et al., 1993).5 The structure observed in the 
data has a relatively flat spectrum which is consistent with CBR but could also 
be bremsstrahlung or synchrotron in origin. Again, however, the low frequency 
synchrotron maps do not show similar morphology and would predict an amplitude 
that is much smaller (< 7 /iK). The amplitude is also inconsistent with known 
dust emission. No evidence for point source contamination was found either. 
In addition, data taken by our group in 1993/1994 (SP '94) in the same region 
found a similar amplitude structure that appears cosmological. The Schuster et 
al. data can also be used to set an upper limit comparable to the Gaier et al. 4 

upper limit, but can also be used to place a lower limit to CBR fluctuations of 
AT/T > 8 x 10 - 6 , if all of the structure is attributed to the CBR. The lcr error 
measured per point in this scan is 14 /iK or AT/T = 5 X 10~6. Per pixel, 
this is the most sensitive CBR measurement to date at any angular scale. The 
relevant measurements just prior to the COBE announcement are summarized in 
Fig. 4. With apparent detection and good upper limits at degree-scales, what 
was needed was large-scale normalization. This was provided by the COBE data 
in 1992, and as shown in Fig. 5, the degree-scale measurements were consistent 
given the errors involved. Without the large-scale normalization of the COBE 
data, it was difficult to reconcile the apparently discordant data. However, with 
the refinement in theoretical understanding and additional data, the pre-COBE 
data now are seen to be consistent with the post-COBE data. 

7 ACME Results 

There have been a total of 11 ACME observations/flights from 1988 to 1994. 
Over 20 articles and proceedings have resulted from these measurements as well 
as seven Ph.D.'theses. ACME-SIS and ACME-HEMT articles by Meinhold and 
Lubin (1991),6 Meinhold et al. (1992),7 Gaier et al. (1992),4 Schuster et al. 
(1993),5 Gundersen et al. (1995),8 and ACME-MAX articles by Fischer et al. 
(1992),9 Alsop et al. (1992),3 Meinhold et al. (1993),10 Gundersen et al. (1993),11 

Devlin et al. (1994),12 and Clapp et al. (1994)13 summarize the results to date. 
Significant detection by ACME at 1.5 degrees is reported by Schuster et al. 

(1993)5 at the 1 X 1 0 - 5 level, and by Gundersen et al. (1993)11 at 0.5 degrees at 
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Figure 4: ACME CBR power spectrum data prior to the COBE detection. Theo
retical curves are from Steinhardt and Bond (private communication). See Key 
in Fig. 5 caption. 
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Figure 5: Recent ACME results (in BOLD) along with results from other groups. 
Key: a-COBE, b-FIRS, c-Tenerife, dl-SP91 9 pt. 4 channel analysis-Bond '93, 
d3-SP91 9+13 pt. 4 channel analysis-Bond '93, d5-SP91 9 pt. Gaier et al. '92, 
e-Big Plate, f-PYTHON, g-ARGO, h-MAX4-Iota Dra, i-MAX4-GUM, J-MAX4-
Sig Here, k-MSAM2, 1-MSAM2, m-MAX3-GUM, n-MAX3-mu Peg, 0-MSAM3, 
P-MSAM3, q-Wh. Dish, r-OVR07, S2-SP94-Q, s3-SP94-Ka, t-SP89, U-MAX2-
GUM, many from Steinhardt and Bond by private communication. 



at the 4 X 10" 5 level in adjacent issues of Astrophys. J. Lett. The lowest er
ror bar per point of any data set to date is in the Schuster et al. 5 1.5° data 
with 14 //K while the largest signal-to-noise signal is in Gundersen et al. n with 
about a 6 cr detection (at the peak). Recently, Wollack et al. (1994)14 reported 
a detection at an angular scale of 1.2 degrees of about 1.4 x 10~s consistent with 
Schuster et al. s and using a detector nearly identical to ours. The ACME-HEMT 
1994 South Pole (SP '94) data used both Ka- and Q-band HEMT detectors and 
show a strong detection at a level of about 1.5 x 10~5 (Gundersen et al. [1995])8. 
This is consistent with our SP '91 detection in Schuster et al. s , but the addition 
of a higher frequency band in the SP' 94 experiment gave a much improved dis
criminator between galactic emission and CMB. At the smaller ACME-MAX scale 
near 0.5 degrees, the MSAM group also reports detection of a "CBR component" 
at a level of about 3 x 10"5. Our recent results from the June 1993 ACME-MAX 4 
flight give significant detections at the 3 — 4 x 10~5 level at angular scales near 0.5 
degrees (Devlin et al. [1994]12 and Clapp et al. [1994]13). Additional data from our 
1994 Summer ACME-MAX 5 flight is currently in preparation (Lim et al. [1995]15 

and Tanaka et al. [1995]16). 
It is remarkable that over a broad range of wavelengths, most degree-scale 

measurements report detection at the one to a few x 10~5 level. Even more re
markable is the fact that both ACME degree-scale and COBE-scale detections 
were published within monthsof each other (Alsop et al. [1992],3 Smoot et al. 
[1992],17 Schuster et al. [1993],5 Gundersen et al. [1993]11). 

In any case, 1992 and 1993 were historical years in cosmology, and CBR studies 
in particular. The recent ACME results along with the results of other groups 
are summarized in Fig. 5. As can be seen from this and the data summarized in 
Table 2, the ACME data strongly favor a rise in the power spectrum from 1.5 to 
0.5 degrees. 

8 Future 
The next decade promises to yield an enormous amount of cosmological data in 
CBR studies. We are now at a point, both technologically and in our under
standing of the relevant CBR signals and noncosmological backgrounds, that we 
can seriously contemplate making a precision measurement of the CBR power 
spectrum. We have strong evidence that we are currently detecting fluctuations. 

Beam 
Publication Configuration FWHM AT/T x lO"6 I Cet(t+ l)/2 

(deg.) (GACF)** (xlO- 1 0 ; 
Meinhold & Lubin '91 ACME-SIS SP89 0.5 < 3 5 145 <8.6 
Alsop et al. '92 ACME-MAX-II (GUM) 0.5 «i8 143 9.6i 4

3 i 7 

Gaier et al. '92 ACME-HEMT SP91 1.5 <14 58 <1.5 
Meinhold et al. '93 ACME-MAX-III 

(/i Peg - upper limit) 
0.5 <25 143 <2.96 

Meinhold et al. '93 ACME-MAX-III 
(/j Peg - detection) 

0.5 isty 143 

Schuster et al. '93 ACME-HEMT SP91 1.5 9±4 58 0.76i^{ 
Bond '93 SP91 4 channel 9 + 13 pt. analysis 1.5 58 i-06±8:ii 
Bond '93 SP91 4 channel 9 pt. analysis 1.5 58 0.5±g;fg 
Gundersen et al. '93 ACME-MAX-III (GUM) 0.5 42*11 143 0.0-2.2 
Devlin et al. '94 ACME-MAX-IV (GUM) 0.55-0.75 37+1? 129 6.i±?:l 
Glapp et al. '94 Kr*\jn? \xAY y\r 0.55-0.75 33±» 129 4-9i!:^ Glapp et al. '94 AOMCrMAA-I V 0.55-0.75 33±» 129 4-9i!:^ 

(Iota Draconis) 
Clapp et al. '94 ACME-MAX-IV 

(Sigma Hercules) 
0.55-O.75 31±!I 129 4.3±3;° 

Gundersen et al. '95 ACME-HEMT SP94 1 73 9 1J+2.00 

Gundersen et al. '95 ACME-HEMT SP94 1.5 58 i 17+I.33 
I - 1 ' - 0 .42 

Lim et al. '94 ACME-MAX-V 0.5 in progress 
Tanaka et al. '94 ACME-MAX-V 0.5 in progress 

Table 2: Recent ACME degree-scale results. 
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Extrapolating the ACME-style measurements to a concerted effort either sub
orbital or orbital in nature, it is now feasible to imagine near full sky maps with 
10-20 arc-minute resolution with sensitivity per pixel of a few ppm. Such a mea
surement may allow us to measure the mass density of the universe, the baryon 
fraction, and other parameters to much better accuracy than we know them today. 

9 Polarization 
Very little effort has been directed towards the measurement of the polarization 
of the CBR compared to the effort in anisotropy detection. In part, this is due 
to the low level of linear polarization expected. Tfypically, the polarization is only 
1-30% of the anisotropy and depends strongly on the model parameters. This 
is an area which, in theory, can give information about the reionization history, 
scalar and tensor gravity wave modes, and large-scale geometry effects. It is now 
possible to measure CBR polarization to a sensitivity of better than 1 ppm on 
limited portions of the sky. In the future, this may be a very fruitful area of 
inquiry, particularly when combined with overlapping anisotropy measurements. 

10 Orbital Missions 
There are currently several major proposed satellite missions. The European 
COBRAS/SAMBA proposal is for a combined HEMT and bolometer mission, 
and would cover from about 1 to 10 mm with resolution varying from about 
0.1 to 0.5 degrees depending on the frequency. In the U.S., there are several 
Mid-Explorer class missions under consideration. These are the Goddard MAP 
mission and two JPL missions, and the bolometer-based FIRE and HEMT-based 
PSI missions. There are significant difierences in technical and programmatic 
approaches being taken with the European being a more ambitious, and hence, 
more costly experiment. The U.S. Mid-Explorer missions are designed with more 
limited objectives, but at a significantly lower price and possibly shorter time 
scale. Any of the proposed missions would provide invaluable data that could 
revolutionize our understanding about early universe physics. Currently, it can 

be assumed that these missions, if any are selected, will not produce data before 
the turn of the century, at the earliest, and hence, it is to be anticipated that 
continued vigorous ground-based and suborbital experiments will continue. 

Per pixel sensitivities with suborbital missions in the ftK region are now achiev
able with current and new technologies, HEMTs, and bolometers over hundreds 
to thousands of pixels and possibly over large portions of the sky. The major 
issue will be control of sidelobes and getting a uniform dataset. Ideally, full-sky 
coverage would be best, and this is one area where a long-term space-based mea
surement would be ideal. In the control of sidelobe response, a multi-AU orbital 
satellite would be a major advance. This advantage is lost for near-Earth orbit 
missions, however. Another approach is a low-cost precursor mission such as the 
proposed, university-led COFI satellite. 
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BLACK HOLES AND INFORMATION LOSS* 
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In this lecture, the author's point of view on the problem of Hawking Evaporation of Black 

Holes is explained. A possible resolution of the information loss paradox is proposed which 

is fully in accord with the rules of quantum mechanics. Black hole formation and evapora

tion leaves over a remnant which looks pointlike to an external observer with low resolving 

power, but actually contains a new infinite asymptotic region of space. Information can 

be lost to this new region without violating the rules of quantum mechanics. However, 

the thermodynamic nature of black holes can only be understood by studying the results 

of measurements that probe extremely small (sub-Planck scale) distances and times near 

the horizon. Susskind's description of these measurements in terms of string theory may 

provide an understanding of the Bekenstein-Hawking (BH) entropy in terms of the states 

of stranded strings that cross the horizon. The extreme nonlocality of string theory when 

viewed at short time scales allows one to evade all causality arguments which pretend to 

prove that the information encoded in the BH entropy can only be accessed by the external 

observer in times much longer than the black hole evaporation time. The present author 

' believes however that the information lost in black hole evaporation is generically larger 

than the BH entropy and that the remaining information is causally separated from the 

external world in the expanding horn of a black hole remnant or cornucopion. The possible 

observational signatures of such cornucopions are briefly discussed. 
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1. Introduction—The Facts in the Case 

The subject that I am going to talk about in these lectures, the Hawking evapora

tion of black holes, has been with us for on the order of 19 years now. Although the 

last few years have seen an upsurge of interest and activity in the subject, it remains a 

frustrating field which stubbornly refuses to yield a satisfying resolution of its paradoxes. 

The number of very good physicists who have expressed fairly definitive opinions about 

the resolution of the Hawking puzzle is smaller than the number of definitive opinions 

they have expressed. The frustration is compounded by the fact that there is no hope for 

experimental resolution of the confusion. I would guess that there is still a sizable body 

of physicists and astronomers who remain unconvinced of the observational evidence for 

the existence of black holes. Given that they exist, the probability that we are ever going 

to examine a black hole close up seems very small. Even if we could examine one close 

up, the probability that we would happen to observe it at a time when it was emitting 

substantial amounts of Hawking radiation is nil. And most frustrating of all, even those 

physicists who insist that black hole radiation is not "really" incoherent agree that it looks 

like thermal radiation for all practical purposes. 

The title of this section implies a certain degree of objectivity. In a field such as this, 

true objectivity is impossible. I will therefore be presenting "the facts" in a way which 

emphasizes that part of the data that supports my present opinions. It is best then to get 

those opinions out on the table, so that you can judge for yourself what they are worth 

and how much they are distorting my presentation of the facts. In brief: I believe that the 

Hawking evaporation of black holes terminates in stable remnants. An angular slice of the 

geometry of those remnants is shown in Fig. 1. 

The remnant is a small "hole in space" attached to a semi-infinite horn which has a 

spherical cross section of small radius. These static geometries have a unique quantum 

ground state, but they are the remains of evolving geometries possessing a horizon which 

moved off to an infinite spacelike distance. The Penrose diagram of the full spacetime of 

one of these remnants is shown in Fig. 2. 

There can be many different quantum states propagating behind the horizon of these 

remnants, but the external geometry and ADM mass of all of these states is the same. 
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Pig. 1: An angular slice of the static geometry of a black hole remnant. 

r=0 

Fig. 2: The Penrose diagram of a black hole remnant. 

These states form the repository for all of the information "lost" in Hawking evaporation. 

The full spacetime has (in the approximation in which quantum fluctuations of the gravi

tational field can be treated perturbatively) a unitary quantum mechanical evolution, but 

the past and future contain different numbers of causally separated spatial asymptotic re

gions. The S-matrix for transitions from the initial asymptotic region back to itself is not 

unitary. This picture by itself may seem like a resolution of the information loss puzzle, 



and for a while, I believed that it was. However, neither it nor any other discussion of 

information that is truly lost to the external observer can account for the BH entropy. 

This is a true thermodynamic entropy which describes interactions between the black hole 

and the external observer. As such, it must be associated with degrees of freedom which 

are causally connected to, and can interact with, the external observer. By assigning the 

entropy to correlations with degrees of freedom which are out of causal contact with the 

external observer, or in a topologically disconnected universe, one gives up the possibil

ity of explaining its thermodynamic nature. I will argue in more detail below that the 

location of the BH degrees of freedom must be in an extremely tiny region in the vicinity 

of the horizon of the black hole. In discussing them, one is inevitably led into extremely 

short distance physics. I believe that Susskind's string model of these degrees of freedom, 

while still in a primitive stage of development, may lead to an ultimate explanation of the 

BH entropy. If this is the case, then the information represented by the BH entropy is not 

lost to the external observer. 

My picture of Hawking evaporation then includes in some manner all of the current 

theoretical prejudices about the subject. I believe in remnants of black hole evaporation, 

but all information stored in them is causally inaccessible to the external observer. The 

S-matrix for a single asymptotic spatial region is not unitary once a black hole has formed. 

However, the information which absence is quantified by the BH entropy is not irretrievably 

lost. It is located on the horizon of the black hole, probably in the form of stranded strings 
(see below for a definition), and will be radiated into the original asymptotic region as the 

black hole evaporates. 

1.1. Some Classical Facts 

For the author at least, the only way to get intuition about what is going on in 

general relativity is to work in synchronous gauge. This is a name for any one of a 

collection of coordinate systems in which "time is time," and general relativity is a theory 

of the dynamics of spatial geometry. A synchronous gauge is chosen by picking a spacelike 

hypersurface and defining time to be the geodesic distance orthogonal to this hypersurface. 

The time evolution of the geometry of the spatial sections of a neutral black hole is shown 

in Fig. 3. 

i 
Fig. 3: The spatial geometry inside a Schwarzschild black hole evolves into an 
infinite, and infinitely thin, horn. 

Note that the geometry has the "hornlike" shape of Fig. 1, but the horn is dynamic. It 

stretches along its length and shrinks transversely, reaching infinite length and zero width 

in finite proper time. This is the celebrated Schwarzschild singularity. It has two aspects: 

the width goes to zero, and the infinite length is achieved in finite time. Both of these 

correspond to curvature singularities. 

From these pictures, it is easy to understand why the black hole has a horizon. In 

Einstein's general relativity, space is allowed to stretch faster than light can cross it. A light 

beam sent out from some object may never be able to get back to its point of origin because 

in the time that it has travelled, the space has expanded (and continues expanding). It 

is clear then that if we look at any point a finite distance inside the horizon on some 

time slice, the space between it and any point outside the horizon will expand so rapidly 

that light will not be able to travel between them. Note that even if the singularity were 

absent, and the transverse size of the horn remained finite, we could still have superluminal 

expansion of the interior geometry and would be forced to conclude that the system had 

a horizon. 



The synchronous view of the black hole interior suggests a possible scenario for its 

nonsingular evolution. Namely, all that is necessary is to find a mechanism for stabilizing 

the horn against transverse collapse, and for slowing down the expansion in the radial 

direction so that the rate never becomes infinite. We will see below that this is precisely 

what happens for extremal charged black holes. One thing is clear about any such hypo

thetical mechanism for stabilization of the black hole. If we believe (as we should) that 

the Schwarzschild solution for a large mass black hole is valid down to times at which the 

transverse dimension has shrunk to microscopic size, then the radial extent of the geometry 

will be very large. In fact, as we shall see, the example of extremal charged black holes 

suggests that perhaps the geometry keeps on growing in the radial direction, even when 

the transverse collapse is averted. We are thus led to a picture of black hole final states as 

large one-dimensional protrusions on the geometry of space, which connect onto the space 

of the asymptotic observer through essentially pointlike openings. Prom many points of 

view, the external observer will regard these as point particles, but we will argue that this 

is a mistake when it comes to quantum mechanics. 

We now turn to another well-known classical feature of black holes, the discrepancy 

between the description of black hole physics given by infalling observers, and the de

scription given by those observers, like the "observer at infinity, who are supported in the 

gravitational field and remain outside the horizon. When the black hole mass is large, the 

infalling observer experiences nothing in particular as she falls through the horizon. To 

the asymptotic observer on the other hand, the horizon is a very peculiar place. Nothing 

seems to fall through it. This can be ascribed to the behavior of the 500 component of the 

metric in Schwarzschild coordinates. Near the horizon, the metric has the form 

where x = r—2 GM. The proper time per unit Schwarzschild coordinate time goes to zero 

as the horizon is approached. This is a Lorentz contraction. A supported observer near the 

horizon is accelerating like mad to prevent himself from falling through. The instantaneous 

boost relating his frame to that of the infalling observer is extremely large, of order e*&, 

where t is the Schwarzschild time coordinate. For a large mass black hole, even moderate 

energies will be boosted far above the Planck energy by such a transformation. Thus 

the Schwarzschild observer sees the infalling observer as highly Lorentz contracted. Prom 

his point of view, the geodesic observer's clocks run very slowly and the structure in her 

machinery has very little extent in the radial direction. 

Now suppose that the asymptotic observer has a measuring apparatus of limited ac

curacy, which cannot measure arbitrarily small intervals of space or time. Very quickly, 

the infalling observer reaches a point at which the full extent of her apparatus in the 

radial direction is apparently squeezed into less than a minimally measurable distance 

from the horizon. All normal processes in the infalling observer's frame are slowed down 

so much that the external observer cannot discern anything changing with time over the 

minimal interval between ticks of his clock. Thus, a classical observer with limited powers 

of observation quickly loses all information about what is going on in the infalling ob

server's frame. The traditional "covariant" view of relativity is that this is a consequence 

of a bad choice of coordinates, but in the past few years, a new paradigm has developed 

which takes the Schwarzschild observer's point of view as the basis of the treatment of 

the astrophysics of black holes, and their interactions with the external environment. The 

Membrane Paradigm [1], as it is called, claims that all interactions of the black hole with 

the external world can be treated correctly by a model in which the blackhole behaves 

as if there were a physical membrane with charge, current, and energy densities on it 

hanging on a timelike surface just above the horizon of the hole. The classical aspects 

of this picture can be derived from general relativity, but it has also been applied to the 

treatment of Hawking radiation. We shall see that such a picture for Hawking radiation 

seems to contradict the axioms of quantum field theory, but that it may be derivable from 

the dynamics of strings. 

There are two important features of this classical picture that we will want to re

member later when we discuss Susskind's conjectures about the nature of the BH entropy. 

The first is that the Schwarzschild observer's attempts to understand what is happening 

to his infalling colleague as she approaches the horizon require him to contemplate mea

surements of arbitrarily small length and time intervals. Thus, a proper theory of these 

measurements requires us to understand physics at the shortest distances. Secondly, al-



though the Schwarzschild observer's picture is an "incorrect" picture of what is "really 

happening" to the infalling observer, it is a perfectly sensible account of everything that 

the Schwarzschild observer can actually measure. In the end, I believe that this will be the 

sort of situation that we will recover for the quantum theory of black holes, at least close to 

the semiclassical limit of large mass. Our picture of "what is really going on" in Hawking 

evaporation will be the formation of a remnant and the disappearance of particles behind 

a receding horizon. However, the asymptotic observer will be able to account for much of 

what he observes in terms of a gas of "stranded strings" glued to the membrane on the 

stretched horizon [2]. I will suggest below that there is probably some real information 

loss to the asymptotic observer, but that the thermodynamic entropy of Bekenstein and 

Hawking represents information that can in principle (though certainly not in practice) be 

retrieved by him. 

1.2. Quantum Facts 

Here I will briefly review the salient facts about the theory of Hawking radiation. 

[ assume that the listener/reader is already familiar with this material, and I will only 

smphasize some important facts that are not usually presented. Hawking's calculation 

is carried out in the framework of an approximation to quantum gravity called quantum 

Held theory in curved spacetime. One imagines the formation of a black hole by a classical 

natter distribution falling in from infinity in an initially flat spacetime. The first quantum 

;orrection to this classical process consists of quantizing the linear fluctuations of quantum 

ields around this classical solution. Hawking computed the S-matrix for this linear field 

;heory. What does this involve? The classical geometry has a perfectly well-defined past 

isymptotic region. The future, however, consists of two causally disconnected asymptotic 

egions (the original one, and a region "down the horn" in the synchronous gauge pic-

ure), one of which becomes singular a finite time in the future. Hawking's idea was to 

reat the singular region "as iP it had a well-defined set of asymptotic states. We can 

hen consider inclusive cross sections in which the external observer measures only what is 
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causally accessible to him, summing over the unknown final states on the other side of the 

horizon. As usual, this will lead to a density matrix description of the final state that he 

measures. 

The expansion parameter for this semiclassical approximation is the Planck mass 

divided by the mass of the black hole. In the limit of large mass, the spacetime curvature 

is small (order /^\i) everywhere except for the singularity.1 Furthermore, the singularity 

is a large timelike geodesic distance (of order GM) from any point on the horizon. 

According to Hawking's calculation [3], the expression for the outgoing density matrix 

is 

P = e » , (1.2) 

where h is Planck's constant. The black hole is thus seen to behave like a black body 

with temperature TH = 1 6 n t G M • Since its energy is M, the first and second laws of 

thermodynamics give it an entropy SBH = 8 * ^ M with the usual ambiguity of an additive 

constant. Note that this entropy is proportional to the area of the horizon SBH — \AMp. 

According to the Stefan-Boltzmann Law, and taking into account that the area of the 

horizon is ~ M 2 , the black hole should lose energy at a rate ^ = —jjy, giving it a lifetime 

of order M3. All of this is for a neutral nonrotating black hole. In general, the black hole 

temperature depends on its mass, angular momentum, and charge. In particular, for near 

extremal charged black holes, the lifetime is linear in the deviation from extremality. 

The paradox of all this is that the black hole seems to decay into incoherent radiation. 

Below, we will review the argument that suggests that in standard quantum field theory, 

the decay of the hole proceeds incoherently until a time when its energy content is very 

small compared to the amount of information that it has yet to liberate. This appears to 

lead to a choice between three alternative scenarios for the climax of the radiation process, 

all of which appear to lead to paradoxes. We will enumerate and discuss them below. 

The other key question raised by this discussion is the origin of the BH entropy 

SBH — \AMp. It does not seem to come from a counting of states. Below, I will discuss 

Susskind's proposal for calculating the BH entropy in string theory. 

1 In particular, the curvature is small near the horizon. 



2. The Threefold Way 

2.1. Subtle Correlations and Causality 

At first sight, the most conservative approach to the problem of information loss 

is that which goes under the name of "subtle correlations." According to this dogma, 

the S-matrix for black hole formation and evaporation is unitary in the Hilbert space of 

the original asymptotic observer. The apparent loss of coherence exhibited in Hawking's 

calculation is ascribed to the inadequacy of his semiclassical approximation. The standard 

analogy is to the heating of a lump of coal: Suppose that we encode the information in 

the Encyclopedia Brittanica in Morse code and send it out as flashes of laser light that are 

directed at a large lump of coal. The laser flashes are absorbed by the coal, which heats 

up. All of the information in the Encyclopedia is now contained in the coal. Of course, 

the heated coal emits infrared radiation and eventually cools down. After it has cooled, 

the information is stored in the heat that it radiated, but for all practical purposes, this 

radiation is thermal and the information has been lost. 

In this situation, we understand what is going on. The radiation from a cooling lump 

of coal is not really thermal; it is in a pure, albeit very complicated, quantum state. The 

useful information originally stored in the pulsed laser beam is now encoded in correlations 

between photons which were emitted from the coal at very different times and which are 

therefore very far from each other in space. This nonlocally stored information is of no 

practical use, and for local measurements, the pure state is equivalent to a mixed state. Is 

this all that is going on in the Hawking calculation? 

There is a very strong argument that this is not the case, at least not within the 

conventional formalism of quantum field theory. The semiclassical picture of Hawking 

evaporation is valid for most of the evaporation of a large black hole. In particular, if we 

have an enormous black hole which has evaporated away 99% of its mass, leaving behind 

a hole which is still large, the Hawking calculation will be accurate to the past of the 

asymptotically null spacelike slice labelled 99 in the Penrose diagram of Fig. 4. 

We can examine the state of that portion of the world which is behind the horizon. 

In the semiclassical approximation, this will be calculable and correlated with the state of 
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Fig. 4: Penrose diagram illustrating the argument that information cannot get 
out of a black hole until times longer than the Hawking lifetime. 

the outside world. Observers falling through the horizon, but still not at the singularity, 

do not notice any particularly violent events. The interior state will be impure, with large 

entropy, determined by the correlations (in the initial state) between objects that fall into 

the black hole and those that do not. If we assume the usual rules of quantum mechanics 

and locality, this will also be the entropy of the state seen by an external observer. There 

do not'seem to be any principles which would prevent this entropy of entanglement'from 

being of the order of the BH entropy of the initial hole, ~ ^ r . Thus, within the domain 

of validity of the semiclassical approximation, we can establish the existence of a time slice 

on which the energy of the external system is small, ~ 0.01M, but its entropy huge, ~ M 
It seems to me that the only way to avoid the conclusions of this argument is to give 

up the assumption that the semiclassical approximation to quantum field theory correctly 

describes physics in regions of spacetime where the curvature is small. Precisely such a 

retreat from the conventional wisdom is proposed by the critics of this argument, though 

there seems to be no agreement among them as to the correct replacement for semiclassical 

quantum field theory. I think it is fair to say that the above argument establishes that the 

"subtle correlation" approach is far from conservative. It implies a radical rethinking of 

our approach to the quantum dynamics of spacetime. 



The only one of these radical approaches that the author of the present lectures can 

lake even a pretense of understanding, is that of Susskind [4]. Susskind's criticism of 

he above argument goes right to the heart of quantum field theory. Indeed, in making 

lie above argument, we accepted without comment the assumption that the Hilbert space 

f the whole system is a tensor product of states inside the horizon and states outside, 

'his is the fundamental principle that allows us to conclude that information cannot be 

idiatcd to the outside on the basis of the examination of the states inside the horizon, 

'his assumption appears to be valid in quantum field theory and in naive cutoff schemes 

ke lattice theories of gravity. Susskind makes the point that it is in no way valid in string 

leory. If we cut space into two pieces, there will always be strings which straddle the 

oundary. It is to these "stranded" string states that Susskind looks for the origin of black 

ole entropy and the resolution of the paradoxes of Hawking evaporation. We will present 

brief description of his work in Sec. 6. 

,2. The Remains of the Data 

Let us for the moment accept the argument given above and examine its consequences, 

he fact that the external world has large entropy on the time slice 99 is already in 

mtradiction with the lump of coal analogy. When a lump of coal has radiated most of 

le energy it absorbed from the laser beam and its glow begins to fade, it has also radiated 

vay most of the information in the Encyclopedia. By considering the amount of time 

will take for such a low energy, approximately pointlike object to emit the enormous 

nount of information that it contains, one comes to the conclusion that the remnants of 

ack holes of mass larger than 10,000 tons will have lifetimes longer than the age of the 

liverse—they are essentially stable. Thus, within the context of quantum field theory, 

e unitary S-matrix scenario seems to reduce to the remnant scenario. 

I have emphasized that Susskind's string theoretic criticism of the basic tensor product 

•ucture of the space of states in quantum field theory vitiates the force of these arguments, 

hat I find hard to believe is that these criticisms significantly affect the description of the 

slution of a large black hole inside its horizon, long before the singularity is encountered. 

IUS I believe that the picture of long, hornlike geometries connected onto our space by 
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tiny holes must be valid in string theory as well as in ordinary quantum field theory. As we 

will see, consideration of such structures leads one to the notion of stable remnants with 

infinite numbers of degenerate states, even if one ignores the above arguments. 

We turn now to an exposition of the apparent phenomenological catastrophe caused 

by the hypothesis of stable or quasi-stable black hole remnants. Hawking's calculation of 

the evolution of an evaporating black hole appears to be valid until the mass of the hole is 

of the order of the Planck mass. Its Schwarzschild radius is then of the order of the Planck 

length, and it appears pointlike to all but the most well-equipped external observers. The 

remnant scenario thus appears to require the existence of a new class of "particles," all 

of which have masses of the order of the Planck mass. On the other hand, there must be 

a distinct remnant particle for each possible state of matter that can collapse to form a 

black hole, and since remnants can be formed starting with black holes of arbitrarily large 

mass, there must be an essentially infinite number of different remnant species. Even a few 

species of stable Planck mass particles might cause difficulties for cosmology if they are 

produced with reasonable probability after inflation, but an infinite number of species is a 

complete disaster. Schwinger's calculation of the pair production of charged particles in a 

background electric field shows that the probability depends only on the mass and charge 

of the particle (for fixed field strength). An infinite number of degenerate charged species 

would give an infinite cross section for this process. These estimates of remnant production 

are completely wrong, because black hole remnants do not behave like elementary particles 

even though they look pointlike to an external observer. This argument will be taken up 

in the next section. 

2.3. Information Loss 

First, however, we must review the third major scenario for the endpoint of Hawk

ing evaporation, that proposed by Hawking himself. Eschewing both the "information is 

returned in subtle correlations" approach and the idea of remnants (essentially for the 

reasons outlined above), Hawking instead proposed that an evaporating black hole simply 

disappeared, taking with it the information that was lost to the external observer in the 

collapse process. For very small black holes, the entire process of formation and evapora-



tion occupies a small region of space time. Since it is (in Hawking's view) a completely 

local phenomenon, it should happen all the time in the form of virtual processes even when 

sufficient energy for real black hole formation is unavailable. Again due to the locality of 

the process, we should be able to construct a coarse-grained, or effective, theory, describing 

the effect of these virtual information-destroying processes on large scale physics. Hawking 

indeed proposed a formalism for computing such corrections. Since pure states can now 

evolve into mixed states, the effective theory must now map density matrices to density 

matrices in a way which does not preserve purity. 

In ordinary quantum mechanics, the initial and final density matrices in a scattering 

experiment are related by 

{Pout)B

A = SA

c{pin)cDS<D

B , (2.1) 

where 5 is the scattering matrix. Hawking proposed instead a general linear relation2 

(*W)2 = (S)5g(ft»)g. (2.2) 

If the $ matrix factorizes into the product of an S-matrix and its inverse, then we have 

unitary evolution, preserving purity. If it does not so factorize, then purity is lost. Hawking 

proposed [6] that the true $ matrix of the world had a small, nonfactorizable term of the 

form 

6$)A,% = Cij(j^JoiJoj, (2.3) 
where the Oi are operators of high dimension, as indicated by the powers of the Planck 

mass. 

Unfortunately, these apparently small corrections to the S matrix are not small at all. 

To see this [7], we will have to make a small extension of Hawking's $ matrix formalism 

and discuss local time evolution equations for the density matrix. That this must be 

possible follows from the assumption that processes of virtual formation and evaporation 

2 Nonlinear density matrix evolution equations lead to nonlocal phenomena which Polchinski [5] 
has dubbed "Everett Phones." EPR correlations can be used to send messages in such theories. 
It is not clear to exactly what extent this is ruled out by experiment, but we will not discuss 
nonlinear density matrix evolution in this review. 

of small black holes arc, in Hawking's picture, confined to a small space time region. With 

sufficient coarse graining, we must be able to incorporate their effect in a set of local 

evolution equations. We will see that even if we take the coarse-graining scale to be a 

nuclear time scale, the "small" terms in the evolution equation analogous to Eq. (2.3) are 

far from negligible. Let us begin by writing the most general linear coarse-grained evolution 

equation for the density matrix, which conserves probability [8]: 

p = i[H,p) + Cap[Oa,[O0,p]], (2.4) 

where H is hermitian and Cap is a real matrix. The Oa run over a complete set of hermitian 

operators. To preserve the positivity of p, we must impose a condition on the relative sizes 

of the symmetric and antisymmetric parts of C We might also want to impose a condition 

guaranteeing that entropy always increases [7]. 

When C is a symmetric matrix, it is possible to make a simple model which produces 

Eq. (2.4). It is simply quantum mechanics coupled to random sources via a Hamiltonian 

HR = H + Ja(t)Oa, (2.5) 

where the J's have white jioise correlation functions _ 

< Mt)Jp(s) > = CaPS(t -s). (2.6) 

This interpretation makes most of the important features of Eq. (2.4) obvious. In partic

ular, although the evolution equation is time translation invariant, it does not conserve 

energy. Time translation invariance guarantees only the conservation of the average energy. 

In a random system, there will generically be energy fluctuations, and the moments of the 

energy will not be preserved. Similarly, space translation invariance of Eq. (2.5) does not 

guarantee conservation of momentum. 

The extent of this violation of the conservation laws depends on the extent to which the 

operators Oa and the correlation function of the sources are local. We have assumed that 

we are working at a scale for which the time correlation of the sources is local. Hawking's 

proposals lead one to expect all the nonlocality in the new terms in the equation to be 



it the Planck scale. As shown in Ref. [7], this leads to disaster. The inverse powers of 

he Planck length are cancelled by matrix elements of the local operators between states 

)f very low and very high energy. In a flash, the vacuum is converted into a mixed state 

vhose dominant components have very high energy. To make the violations of purity and of 

mergy conservation small, we have to smear the operators over long distance scales, which 

eads to violations of locality. I believe that these arguments show that time-dependent 

nformation loss is not a viable proposal. 

t. Horned Particles as the Endpoint of Hawking Evaporation 

11. Near Extremal Charged Black Holes 

The Hawking temperature of Reissner-Nordstrom black holes in Einstein-Maxwell 

Tavity vanishes in the extremal limit Q = M. This is easily understood in terms of the 

;eometry of the extremal black hole. For Q = M, the Killing vector which is timelike at 

nfinity is everywhere timelike, the singularity is a timelike curve, and there is no hori-

on at any finite distance. Although quantum field theory on this background requires 

ome kind of boundary condition on the singularity, it has a time-independent Hamilto-

ian. Quantum fields propagating on the background are in pure states. 3 It has therefore 

eemed plausible to many researchers that extremal charged black holes are the endpoint 

f Hawking evaporation for the case where a black hole manages to retain its charge. 

The extremal Reissner-Nordstrom solution has a geometry similar to that of Fig. 1. 

Actually, this is the geometry that comes out of dilaton-gravity which is the low energy 

pproximation to string theory.) It is an infinite horn connected on to the rest of space by a 

mall opening. While it looks like a point to a distant observer, it really contains an infinite 

olume of space behind it. Clearly, it resembles what the Schwarzschild geometry might 

ave become if the transverse collapse had been averted, but the geometry had continued 

> grow in the radial direction. This geometry provides the clue to understanding what 

appens to information in black hole collapse. The infinite reaches of the horn of this black 

3 I am ignoring problems caused by the Cauchy horizon. There is a region of the spacetime, 
eluding the whole asymptotic region, which is causally separated from the Cauchy horizon. 
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hole suggest to us where the information that the external observer has lost might have 

gone. 

We now come to the important question of a name for almost pointlike (from the 

point of view of an external observer) black holes with large internal geometries. In the 

context of the physics of near-extremal charged black holes, where this circle of ideas arose, 

I proposed that they be called horned particles, or cornucopions, "to celebrate both the 

shape of their internal geometry and the wealth of information hidden inside them." I will 

use the names horned particles, cornucopions, and remnants interchangeably from now on. 

3.2. Relaxation to Extremality 

If we throw some neutral matter into an extremal black hole, it ceases to be extremal, 

develops a horizon, and begins to Hawking radiate. If not too much matter is thrown in, the 

horizon appears far down the horn of the black hole, and its evolution reduces to a problem 

in two-dimensional physics. One can formulate a closed set of equations which describe this 

evolution. For the models that come directly from the Einstein Lagrangian or low-energy 

string theory, the solutions are singular, but one can change the Lagrangian in a manner 

that eliminates the singularities. These nonsingular equations were studied numerically 

by O'Loughlin and Lowe [9]. It turns out that they are very similar to the equations 

for the Reissner-Nordstrom geometry and Ref. [9] also carried out a numerical study of 

evaporation of Reissner-Nordstrom black holes. This case had been treated previously by 

Strominger and Trivedi [10], using approximate analytical techniques. The evolution is 

completely nonsingular4 and leads to the following qualitative picture (Fig. 5). 

When matter is incident on an extremal black hole, an apparent horizon is formed and 

the black hole begins to radiate. The apparent horizon recedes from the external observer, 

eventually leaving an infinite static geometry identical to the exterior of the extremal black 

hole solution. The full spacetime, however, has a horizon, and one can verify explicitly 

that the state of the field theory behind the horizon depends on the nature of the initial 

infalling matter. Thus, within these models, we have a consistent remnant scenario for 

4 There is, of course, a timelike singularity in the Reissner-Nordstrom case, but this does not 
affect the qualitative nature of the evolution. 
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Pig. 5: Evolution of the spatial geometry of a nonextremal black hole back to an 
extremal remnant. 

black hole evaporation, in which information is lost to the external observer. There is 

a different type of remnant for each kind of initial pulse that forms the black hole (and 

thus an infinite number of different remnants altogether), but they are all indistinguishable 

from the point of view of the external observer. The information that distinguishes between 

them is causally disconnected from him. On any finite time slice, the system still has an 

apparent horizon that is accessible to the external observer, and it may be possible for 

him to associate the information with states on the horizon. Asymptotically, he cannot do 

so. The apparent horizon has gone off to infinity, a different infinity than his own initial 

asymptotic region. His S-matrix will not be unitary. 

3.3. Production of Remnants from the Vacuum 

I now come to the discussion of the famous "problem" of the remnant scenario, the 

spectre of infinite production cross sections. The crucial point turns out to be that on 

any finite time slice in a synchronous gauge, a cornucopion is not a static geometry. It 

has an apparent horizon, behind which the spatial geometry is undergoing superluminal 

expansion. The infinite number of degenerate states of the cornucopion are the states of 

quantum fields lying behind this horizon. 
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The model for all discussions of production of nontrivial classical field configurations 

from the vacuum of a quantum field theory is a classic paper by Affleck and Manton [11], 

These authors studied pair production of't Hooft-Polyakov monopoles in a constant mag

netic field, and showed that in the small field limit the amplitude reduced to Schwinger's 

formula for the corresponding amplitude for elementary monopoles. The essential idea 

of the calculation is that for sufficiently small accelerations, the only degree of freedom 

of a soliton that one should be able to excite is the noncompact collective coordinate for 

its motion through space. Thus, for the motion of a soliton in a weak externa] field, one 

can construct an approximate solution in which the soliton simply follows a curved world 

line. The idea of Affleck and Manton was that one can compute the pair production cross 

section for solitons in the same field by analytically continuing the solution for a pair of 

particles to Euclidean time. The uniformly accelerated hyperbolic Minkowski motion con

tinues to a circle in Euclidean time, and one computes the production amplitude to be the 

exponential of the action of this Euclidean instanton. 

We do not really understand the Euclidean continuation of quantum gravity, but at 

the semiclassical level, there is a long tradition of seemingly sensible calculations [12] which 

simply take over the idea of analytically continuing Minkowski geometries. Special provi

sions must be made for situations in which the vector field, which we use to define time 

at infinity, changes signature in some finite portion of the spacetime. The analytic con

tinuation is performed by taking this vector field to be imaginary, but this only produces 

an Euclidean manifold in the region where the vector field is timelike. On the surface on 

which the change takes place, the vector field is null. In the analytically continued space-

time, this null surface is replaced by a point, and the portion of the Minkowski manifold 

beyond this null surface is discarded. Now consider the pair production of the degenerate 

states of cornucopions. Unlike solitons, these are not globally static configurations. They 

have, to a good approximation, a timelike Killing vector outside the apparent horizon,5 

but it becomes null on the apparent horizon. Following the rules of Euclidean gravity as we 

know them, the Euclidean continuation of a cornucopion trajectory does not contain the 

portion of space where the degenerate states of the cornucopion live. Thus, the tunneling 

5 This approximation becomes better and better as time goes on and the horizon recedes. 



process cannot produce these states (13). Hcuristically, the infinite degeneracy of cornu-

:opion states is localized in a region behind the horizon, causally disconnected from the 

;xternal observer. The cornucopion stationary state of the external observer's quantum 

ield theory contains only the static part of the geometry, in front of the horizon. When 

lie external observer attempts to create pairs of these states, with an external field, he 

•an at best create the static geometry, and this does not contain the degenerate states. 

3.4- Remnants of the Imagination? 

If black hole remnants exist, will we ever be able to find them? And if we do, will 

ve ever be able to tell what they are? Unfortunately, the answer to the first question is 

>robably no. Cornucopions are by hypothesis stable. Although we have no very good idea 

ibout the processes which might produce them in the very early universe, it is unlikely that 

;he production process is so finely tuned that it can produce a density of remnants that is 

leither much larger nor much smaller than the density of ordinary matter in the universe. 

!n the former case, cornucopions would be ruled out by observational astronomy; in the 

atter case, we would never be able to find them. We can save a model of the production 

jrocess that produces too many cornucopions by invoking inflation, but in that case there 

ire likely to be no black hole remnants in our portion of the universe. We would have to 

vait for macroscopic black holes to finish their Hawking evaporation before we could get 

iur hands on real remnants. 

But suppose we did so. Would we then be able to tell what the remnants were by their 

nroperties, or would they just behave like ordinary elementary particles? Classically, I be-

ieve the answer to this question is no. Small perturbations of the cornucopion change its 

nternal structure and produce horizons. If we now imagine quantizing the classical cornu-

opion solution, it would formally have statistics, like an elementary particle. However, any 

ealistic experiment in which we attempted to measure these statistics would be doomed 

o failure. The procedure of scattering the cornucopions to measure their statistics would 

avariably cause the formation of an internal horizon and the emission of Hawking radia-

ion that would change the internal state in an uncontrollable way. The statistical phase 
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would be unmeasurable, and the cornucopions would behave like classical distinguishable 

particles. A double-slit experiment for cornucopions would resemble Fig. 6. 

0= 

Fig. 6: A double-slit experiment for cornucopions. 

There is a way in which the above argument could fail. Quantum mechanically, there 

might be a threshold energy for horizon formation. Given their infinite internal geometry, it 

is inevitable that the spectrum of excitations of cornucopions will have a continuum, but the 

continuum might be separated from the ground state by a gap. Experiments in which the 

cornucopions were moved with sufficiently small velocity would not excite the continuum, 

and in these experiments they would behave like quantum particles. Determination of the 

size of the gap in the cornucopion excitation spectrum seems to me to be one of the most 

interesting open problems in the study of black hole remnants. Unfortunately, it is a very 

hard problem and probably requires the study of strongly coupled string theory. 

Finally, one should note that the pessimistic assessment of the probability of finding 

black hole remnants in the first paragraph of this section might be wrong. Perhaps the dif

ferences between them and elementary particles are sufficiently great that their production 

probability in an inflationary universe is much larger than we presently imagine. 



4. Unitarity, Information Loss, and CPT 

The general picture that arises from the discussion of the previous section is that 

black hole collapse and evaporation leads to the formation of a new asymptotic region of 

space which is causally disconnected from the old asymptotic region. The spacetimcs that 

we have discussed can be foliated by spacelike hypersurfaces, and within the semiclassical 

approximation for the geometry, there will be no breakdown of unitarity. Local physics 

will continue to obey the rules of quantum mechanics. 

It is clear, however, that the S-matrix measured by observers in the original asymptotic 

region will not be unitary. The cornucopion spacetime has a horizon buried deep within the 

horn of the cornucopion. On any spacelike slice, the state of the system outside the horizon, 

which is all that can ever be probed by the original asymptotic observer, is correlated with 

that inside the horizon. The external density matrix is not pure, and the purely external 

scattering process must be described by a Hawking $ matrix. 

The cornucopion scenario thus unifies the idea of information loss in the observable 

universe with the idea of black hole remnants, retaining the merits of both while discarding 

their difficulties. In particular, Hawking's original claim that formation and evaporation of 

"small virtual black holes" would lead to a reformulation of the fundamental microphysical 

laws to accomodate time-dependent information loss is discarded, and with it the problems 

unveiled in Ref. [7]. Virtual quantum fluctuations of geometry that do not change the 

topological properties of space will be describable as distortions of the classical background 

over small volumes, which subside after a short time. No new asymptotic regions are 

created in such fluctuations, and it should be possible to "integrate them out" and construct 

a local effective Lagrangian for long distance physics. This local Lagrangian will obey 

the usual rules of quantum mechanics. Small, topology-changing processes can also be 

integrated out, and they too lead to a picture in which the information content of a single 

connected component of the universe does not change with time. Thus, to paraphrase 

J. A. Wheeler, we have Information Loss Without Information Loss. The rules of quantum 

mechanics are locally preserved, but the global S-matrix will not be unitary unless we take 

into account contributions from causally disconnected asymptotic regions. 
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Hawking has emphasized that any remnant scenario for black hole evaporation implies 

a violation of CPT in the observable universe. This is indeed the case. Suppose that 

it is possible to scatter a pair of elementary particles with sufficiently large energy and 

momentum transfer that they form a black hole. The resulting hole will Hawking radiate, 

and asymptotically settle down into a cornucopion state in which a new asymptotic region 

of space is formed. The CPT inverse of this process involves a conspiracy of the matter 

in this infinite asymptotic region, which causes the "internal universe" to collapse and 

spew out precisely two particles into the region of space in which we live. On the other 

side of the horizon in the meantime, particles must be sent in from infinity to converge 

on the point where the cornucopion throat is sitting and be absorbed by it as inverse 

Hawking radiation. Such initial conditions, involving as they do a rather special conspiracy 

between causally separated points in two infinite universes, are clearly of measure zero 

in the space of all possible initial conditions. CPT is violated in the same way that it 

usually is in macroscopic systems: the inverses of processes which increase coarse-grained 

entropy require very special initial conditions, which can never be realized in practice. Once 

cornucopions are formed, there is essentially zero probability that they will spontaneously 

dissipate. Similarly, there is zero probability that two cornucopions of opposite charge 

will annihilate when the mouths of their horns meet. Even if their charges are opposite, 

the probability that their internal states are exactly CPT conjugates of each other is zero. 

This is not just a question of the huge number of possible degenerate states available in the 

large interior of the cornucopion. The interior state of the cornucopion is time dependent 

and involves an expanding geometry. The CPT conjugate state is one with a contracting 

geometry and very special initial conditions. It will not be realized in a cornucopion which 

formed from the collapse of matter in the external world. 

Indeed, the annihilation process for cornucopions should be the time reverse of the 

production process that we discussed above. That process, as we saw above, was both very 

improbable and resulted in production of cornucopions of very small volume. Thus, in order 

to annihilate large-volume, expanding cornucopions, we must first force them to evolve 

classically into the configuration which is produced at the end of the tunneling process 

described in Ref. [13]. This is very unlikely to happen. Rirthermore, causality prevents 



t from happening as a consequence of simply moving the mouths of the cornucopions so 

hat they coincide in the external space. Cornucopion production, whether through the 

mprobable process of pair production in an external field followed by classical expansion 

if the internal geometry, or through gravitational collapse, is an effectively irreversible 

>rocess from the point of view of a single causally connected sector of the universe. 

In passing, we note that the above discussion is the strongest argument in favor of 

he existence of neutral black hole remnants. We can certainly imagine bringing together 

he mouths of two oppositely charged cornucopions, obtaining a neutral object. The above 

irguments suggest that that neutral object will have a large and complicated internal 

;eometry, which will not disappear. It will be a neutral cornucopion. This is even more 

ipparent if we imagine neutralizing the charge of a cornucopion by dropping an elementary 

larticle of opposite charge into it. This microscopic perturbation cannot destroy the 

omplicated internal geometry. 

LI. Entropy 

No discussion of information loss and unitarity in black hole physics is complete with-

ut mention of the BH entropy formula. It is common to describe this entropy as a measure 

f the number of internal states of a black hole. In the context of the cornucopion scenario, 

his cannot be the case. In this picture, a black hole has an enormous internal geometry 

nd an essentially infinite number of internal states. 

A black hole of mass M could be in any one of an infinite number of states depending on 

;s past history. The information theoretic entropy of the external world would depend on 

rhich state the hole was in. However, most of the information contained in the correlations 

etween the internal and external states of the black hole can have no impact on the future 

iteraction of the black hole with the external world because it is causally disconnected 

•om the external portion of spacetime. Thus, this measure of entropy can have no bearing 

n the thermodynamic entropy of the hole, which describes how it exchanges energy with 

le outside world. A system can come into thermal equilibrium only with a collection of 

;ates with which it is in causal contact and constantly exchanging energy. 

The thermodynamic entropy of a large black hole can only be related to states located 

very close to the horizon. If we look at states localized at any finite distance from the 

horizon, with a resolution coarse enough so that the semiclassical picture of the geometry 

is valid, then these states are expanding away from the horizon at superluminal velocities. 

They are out of causal contact with the outside world, and in the cornucopion scenario 

they will remain so forever. Only states "infinitesimally close" to the horizon can be in 

causal contact with the outside. Here, "infinitesimally close" probably means within a 

length scale / which is small enough so that experiments probing physics on the scale I 
cannot be described by the semiclassical approximation. This probably means that I is of 

the order of the Planck length, or the slightly larger fundamental length of string theory. It 

is thus plausible that the number of states of a black hole that might be in causal contact 

with the external world is proportional to the area of the horizon, and it is perhaps natural 

that the proper units (i.e., those in which the proportionality constant is of order one) of 

area are Planck units.6 

The fact that the information theoretic entropy of a black hole must, in the remnant 

scenario, be thought of either as infinite (the logarithm of the number of possible final 

states of the remnant) or as dependent on the black hole's entire previous history (the 

entropy of entanglement of the internal state produced in a particular process of formation 

of the hole with the external world) has been among the many arguments levelled against 

the remnant scenario. I believe that the above paragraph shows clearly that neither of 

these quantities is a relevant measure of the thermodynamic entropy of the hole. Further, 

it is clear that if the black hole has a thermodynamic entropy, it should be proportional 

to the area of its horizon. A microphysical demonstration that the vicinity of the horizon 

really contains the number of states indicated by the BH entropy formula would seem to 

depend on knowledge of physics at very short distances. Here we make contact with the 

point of view of 't Hooft [14] who has long insisted that the divergence of the entropy 

of entanglement of the state of a quantum field theory outside the horizon with that of 

the inside was the key to understanding the BH entropy formula, 't Hooft believes that 

In string theory, the string length is the more natural unit. This discrepancy will have 
important consequences below. 



this demonstrates that the understanding of black hole entropy and of the information 

paradox is a problem of short distance physics, and will guide us in the construction of 

the fundamental theory of small-scale geometry. While I do not agree with his assertion 

that unitarity of the S-matrix for the original asymptotic region is a necessary ingredient 

in the construction of the theory, I do agree that the thermodynamic nature of black holes 

can only be understood in terms of short-distance physics. 

I have emphasized throughout this talk that our discussion of the evaporation of 

black holes depends only minimally on Planck scale physics and not at all on quantum 

gravity. We have seen that it is possible to make the idea of information loss to an 

asymptotic observer consistent with the basic rules of unitary quantum field theory in a 

self-consistently generated classical gravitational field. The microphysical derivation of the 

BH formula is the one aspect of this subject that still seems to hint at the need for a more 

fundamental theory. I believe that I have outlined a way in which this formula could be 

compatible with the idea of remnants, but the derivation of the formula itself seems to 

be outside the domain of reliability of the semiclassical field theoretic considerations that 

have been our guide up to this point. Furthermore, this discussion makes it clear that 

the remnant scenario (nor, I believe any scenario which leads to effective information loss) 

cannot account for-the information corresponding to the BH entropy. In thenext section I 

will describe one attempt that has been made to understand the BH entropy formula from 

a microscopic point of view. 

5. Stranded Strings and Black Hole Entropy 

The cornucopion scenario for black hole evaporation is a logically complete (though 

technically incomplete) description of this process. By contrast, the material I am about 

to discuss is very much "work in progress." Its authors (primarily 't Hooft, Susskind, and 

their collaborators) do not pretend to have achieved a logically complete understanding of 

the process of Hawking evaporation. I am in the unfortunate situation of understanding 

only imperfectly what these authors have accomplished. I enter into a public discussion of 

their work with great trepidation and apologize in advance for my inevitable distortion of 

their points of view. All errors in the paragraphs that follow are my own. 
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One of the fundamental ingredients in 't Hooft's work on black holes is the BH entropy 

formula. One starts from the assumption that black holes behave like thermal objects with 

Hawking temperature and BH entropy, and attempts to make this fact consistent with the 

postulate that the S-matrix measured by the initial asymptotic observer is unitary. A 

special role for Schwarzschild coordinates is implicit in these assumptions. The black hole 

is static, and thermodynamic considerations make sense, only in these coordinates. 

One of the most revealing of the calculations performed by 't Hooft is that of the 

entropy of states of quantum fields in a small region of a fixed Schwarzschild time slice, 

very near the horizon, 't Hooft argues that in order for a quantum field theoretic calculation 

of the entropy and energy of the black hole to give an answer of the order of the classical 

values (i.e., M for the energy and the BH entropy), one must cut off the quantum field 

theory by insisting that there are no states at a proper distance closer to the horizon than 

•i/jjjj^Mp1 where JV is the number of field degrees of freedom. But this removes many of 

the modes of the field which are involved in Hawking's calculation of the outgoing density 

matrix. Modes which can escape to infinity with energies of the order of the Hawking 

temperature have extremely high energy near the horizon and do not satisfy 't Hooft's 

brick wall boundary condition. 

Susskind's point of departure is the 't HoofVentropy calculation described above. He 

brings in ideas from the Membrane Paradigm, which has had many successful applications 

to the astrophysics of black holes. The basic idea of the Membrane Paradigm is that, from 

the point of view of an external observer, things that fall through the horizon of a black 

hole may equally well be imagined to reside on a membrane suspended above the horizon. 

Susskind, Thorlacius, and Uglum [2] proposed to take the membrane or "stretched horizon" 

to lie only a few fundamental lengths from the horizon (i.e., the stretched horizon is very 

analogous to 't Hooft's brick wall), and postulated that the BH entropy can be understood 

in terms of degrees of freedom living on this membrane. They further suggested that the 

process of Hawking evaporation could be completely understood in terms of interactions 

between the external world and these degrees of freedom, and that the resulting S-matrix 

would be unitary. 



't Hooft's calculation shows that this suggestion makes no sense in quantum field 

theory. The number of Schwarzschild degrees of freedom per unit area of the membrane 

will be infinite in field theory, and will be much larger than eMf for any cutoff that keeps 

all the degrees of freedom necessary to describe Hawking radiation. We have discussed 

previously an even more serious (since it does not make reference to very high energies 

or special coordinate systems) field theoretical argument that information cannot get out 

of a black hole with the Hawking radiation. This argument invoked the tensor product 

structure of field theoretic Hilbcrt spaces, causality, and the smoothness of the spacetime 

metric on a certain spacelike hypersurface. In field theory, if we tried to associate degrees of 

freedom with a stretched horizon, the Hilbert space would (by locality) be a tensor product 

of an inside space, an outside space, and a horizon space. We could make conclusions about 

information carried by the infalling particles by examining the inside space alone, and use 

the tensor product structure to make negative conclusions about the possibility of that 

information being carried by the horizon. 

I would like to present two more arguments (due to Susskind) that the membrane 

picture cannot work in quantum field theory. To do so, we consider a black hole of ex

tremely large mass, or what is the same thing, Rindler space. The spacetime curvature 

is completely negligible for our considerations. We know that Rindler space is simply a 

wedge of ordinary Minkowski space. We want to consider observations made by a Rindler 

observer following a timelike trajectory whose proper distance from the Rindler horizon is 

a few multiples of the fundamental length. 

Now let us consider throwing a wave packet of particles at the horizon. The wave 

packet is assumed to be localized in the transverse direction at infinity. How will such a 

packet appear to our Rindler observer hovering just above the horizon, according to the 

rules of quantum field theory? To some extent, this is a difficult question because it involves 

scattering cross sections at very high energies and low momentum transfers. This regime is 

not well understood even in weakly coupled field theories. We are interested in the question 

of whether the cross section grows with energy, and in how much information is contained in 

the growing cross section. A rigorous answer to the question of growth of the cross section 

is not known, but what we do know fairly rigorously, both from field theoretic studies in 
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models with spin-one gauge bosons and hadron phenomenology,7 is that the growing part of 

the cross section is more or less universal. In parton-model language, the quantum numbers 

that distinguish hadrons from one another are carried by the valence partons, which carry 

finite fractions of the longitudinal momentum of the hadron in the infinite-momentum 

frame.8 These behave like normal particles with transverse wave functions which do not 

grow with energy, but remain localized in the transverse plane. Their wave functions also 

Lorentz contract in a normal manner and are thin pancakes in the infinite momentum 

frame. The bulk of the high energy cross section is due to wee partons, which have a 

— distribution in longitudinal momentum and logarithmically spreading wave functions 

in the transverse plane. In hadron physics, the wee parton distribution is universal and 

contains no information about which hadrons are scattering (except perhaps whether they 

are baryons or mesons). We emphasize that the existence of growing cross sections and 

wee partons is a conjecture in field theory. If they do not exist, then our argument is even 

simpler. The important point is that they do not carry (much) information even if they 

exist. 

The implications of this behavior for our Rindler observer are clear.9 He will find that 

the information in an infalling particle wave packet remains localized in the transverse 

plane. Furthermore, if he restricts his attention to the region outside a stretched horizon 

which is some fixed distance from the horizon, he will soon find that he cannot measure 

anything about the infalling state at all. The flat pancake which carries all the informa

tion falls below the stretched horizon in a time that is short compared to the Hawking 

7 Here we are extrapolating the behavior of hadrons at energies ~ 1 TeV to energies many 
orders of magnitude above the Planck scale. 

8 A rather appropriate frame for studying super-Planck energy collisions near the horizon. 
9 Actually, the statements made above apply to an inertial observer who happens to have 

the same velocity as the Rindler observer at the moment he makes his measurements. If the 
measurements are sufficiently localized in space and in infinite momentum frame time, there is 
probably not very much difference between these two observers in quantum field theory. The 
distinction might be more important in string theory, where we do not really know how to solve 
the theory in a noninertial reference frame. One extremely important aspect of the situation that 
cannot be understood in terms of inertial frames is the difference between the experiences of the 
inertial and accelerated observer. 



evaporation time of the black hole. Thus, according to the rules of quantum field theory, 

it is impossible for a Rindler observer to imagine that the information carried by infalling 

particles gets smoothly spread over the stretched horizon, to be emitted later as isotropic 

Hawking radiation. 

Susskind points out that in string theory the situation is quite different. Growing 

cross sections are built into string theory, since it is Regge behaved and the intercept of 

the graviton trajectory is two. A very picturesque way of understanding this has been 

developed by Karliner, Klebanov, and Susskind (KKS) [15] who did Monte Carlo simula

tions of the distribution of strings predicted by the wave functions of free bosonic string 

theory in light cone gauge. Consider a small box of fixed size in the transverse plane, and 

a string whose center of mass is in that box. KKS ask how much of the actual length of the 

string is in that box. The answer depends on a cutoff that they imposed on longitudinal 

momentum. Remembering that low longitudinal momentum means large light cone energy, 

we see that this is a cutoff on the time resolution of the observer looking at the string. 

Remember also that in light cone gauge string theory, a cutoff on longitudinal momentum 

is a spatial world sheet cutoff, a cutoff on the number of modes of the string. KKS find 

that as the cutoff is taken to infinity, the proportion of the string that is in the box goes 

to zero. This is a symptom of the logarithmic spread of the string in the transverse plane.— 

The region (measured in string units) in which the string is confined grows logarithmically 

with the cutoff. 

To apply this to the black hole problem, note that for a Schwarzschild observer sup

ported near the horizon, watching a string fall into a black hole at a time T (long) after 

the black hole is formed, the Lorentz boost between the observer's frame and the infalling 

string frame corresponds to a time dilation^e"**^. Thus, in order to see what is going on 

in the string frame, the observer needs an exponentially fine time resolution, correspond

ing to a spread of the string over an area iM1fii. Thus, in the Hawking evaporation time 

T ~ jfir, the string has spread over an area M^Mi- There is an important factor of the 

1 0 Here, we are treating the Schwarzschild frame as a highly boosted inertia! frame because we 
do not know how to do unitary string quantum mechanics in noninertial frames. This is a weak 
point in Susskind's arguments that deserves investigation. 
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string coupling in these formulae corresponding to the fact that the natural length scale 
for string fluctuations is larger than the Planck length by a factor of i . This ensures that 
the string has spread over an area larger than the horizon, or rather, that it has been able 
to cover the horizon many times. In higher dimensions, the string spreading, evaporation 
time, and horizon area scale differently and the string has spread over regions bigger than 
the horizon by powers of the black hole mass. 1 1 

Another important difference between string theory and field theory is that the in
formation which distinguishes between states is carried not by valence partons, which are 
localized excitations, but by vertex operators which are conformal fields smoothly spread 
over the fluctuating string. (Examples are the Kac-Moody currents which carry gauge 
quantum numbers.) The well-known inability of string theory to reproduce localized form 
factors for hadrons is a symptom of this effect. This implies that the localized Schwarzschild 
observer will not be able to conclude that the information carried by an infalling string is 
localized near its center of mass. A collection of observers spread over the horizon would 
be necessary to extract the information (and they would then probably completely change 
the state of the string). Thus, there is no contradiction with the claim that the information 
can be emitted as isotropic thermal radiation. 

In a similar vein, the Regge behavior of string scattering amplitudes and their growing' 

cross sections imply that strings do not Lorentz contract to sizes smaller than the string 

length. Thus, if we put a stretched horizon within a string length of the horizon, strings 

will never "fall through it" from the point of view of a Schwarzschild observer. Thus in 

string theory, as opposed to quantum field theory, the picture of information carried by a 

stretched horizon which interacts with the outside world is not ruled out. 

1 1 In all of these considerations, it is important to take the string coupling to be extremely 
weak. The region in which our description of string scattering is reliable is -hrE < b, the impact 
parameter. In order for the energy to be high enough for string spreading to cover the horizon, we 
need In(jjr) = "^i However, we must also be discussing experiments with impact parameters 
much less than the Schwarzschild radius of the black hole. Thus, we must have •$- 3> 1 and 
g <& V ^ " ^ i s m c ^ u a ' ' t y ' s n o t satisfied by the string coupling in the real world. Thus 
Susskind's estimates are really valid only in an imaginary world with very weak coupling. I thank 
E. Martinec for a discussion of this point. 



In assessing Susskind's claims about string theory and black holes, it is important to 

understand that he is not proposing to change the picture of physics as seen by an infalling 

observer near a large mass black hole. The spacetime geometry is smooth and so is the 

observer's coordinate system, and no string theoretic corrections to a semiclassical field 

theory description are important. This is not the case for the Schwarzschild observer. We 

have recalled that in classical general relativity the Schwarzschild observer can access all 

of the information about objects that long ago fell into the black hole, but only by making 

observations on extremely short distance and time scales. She can attribute all interactions 

of the black hole with the exterior to a membrane on the stretched horizon, but unless she 

takes her stretched horizon extremely close to the true horizon and measures time with' 

extreme precision, she can only discuss average properties of the hole. It is to describe these 

extremely precise measurements of short times and distance scales that string theory, or 

some other theory of the small scale structure of the world, becomes necessary. Susskind's 

string theory of black hole thermodynamics is, like the classical Membrane Paradigm, a 

description of the physics that is tied to a particular coordinate frame (and those related 

to it by smooth coordinate transformations). 

We now come to what most researchers consider the most important argument against 

a unitary S-matrix, the analysis of the spacelike surface we called 99 in Sec. 2. The 

refutation of this argument goes right to the heart of the difference between quantum field 

theory and string theory. The essence of the argument is that the state of the system on 

this spacelike hypersurface lives in a Hilbert space which is a tensor product of an "inside" 

space and an "outside" space. If we wish, we can add a "membrane" space intermediate 

between the two, but this changes nothing. We claim that we know from the prior history 

of the system that the inside state is correlated with the outside. Then, from knowledge 

that the inside state has not changed very much ("nothing much happens to the infalling 

observer as he falls through the horizon of a large black hole"), we conclude that the outside 

density matrix has a large entropy. When we try to rerun this argument in string theory, 

we run into an immediate snag. Consider ordinary light-cone gauge string field theory, 

and let us try to divide space into two along one of the transverse directions. We want to 

consider the entire Hilbert space as a product of an xi > 0 and and xi < 0 Hilbert space. 
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We cannot. The full Hilbert space contains states which are created from the vacuum by 

creation operators for strings which straddle the boundary. These do not belong in either 

the plus or minus Hilbert space. The tensor product structure of the Hilbert space of any 

quantum field theory is completely unrecognizable here. For a black hole spacetime, these 

nonfield-theoretic states will be strings "stranded on the stretched horizon." 

String field theory in a half space is in fact a complicated interacting theory. In 

addition to states of strings completely within the half space, it contains the stranded 

states described above. And even when the string coupling vanishes, the half space theory 

contains complicated interactions in which a closed string is annihilated and replaced by 

an arbitrary number of stranded strings. These are required to reproduce the dynamics of 

free strings moving in the full space, which cross the boundary (Fig. 7). 

Fig. 7: Stranded strings violate the locality postulate of field theory but can only 
be seen with very short time resolution. 

It is important to note that the wave functionals of even low energy states of the string 

have nonzero amplitudes for finding large strings in them. Thus, the creation operator for 

a photon state with center-of-mass coordinate arbitrarily far from the boundary has a 

nonzero piece which creates stranded strings. It is only when we agree not to study the 

photon state on short time scales that we are able to ignore this. The large strings which 

appear with finite amplitude in the photon wavefunctional all have large world sheet wave 



numbers. When we consider averages over light-cone time intervals much larger than the 

string scale, we can construct an effective theory in which string degrees of freedom with 

large world sheet wave numbers are integrated out. The only large strings which appear 

in this effective theory are large smooth strings. Neither the photon wavefunctional nor 

that of any low energy excitation of the string has any significant amplitude for such large 

smooth strings. Thus, the stranded string states in the full string field theory Hilbert space 

can be ignored if we are making low energy observations of low energy states. 

The situation is quite different for observations with very short time resolution. Con

sider a wave packet of photons travelling in the negative x\ direction, the center of which 

is at some large negative xi. The string wavefunctional for this photon has finite ampli

tudes for string configurations which wander arbitrarily far from the center of the wave 

packet, even into the region where xi > 0. These are configurations which contain large 

contributions from very high world sheet wave numbers, and they oscillate with very high 

frequency, However, measurements with sufficiently fine time resolution in the Xi > 0 

region should be able to discern them. In principle, these measurements could determine 

the state of a photon whose center of mass was arbitrarily far away. 

Susskind thus argues that much of the information (indeed, he claims all the infor

mation) that in field theory is lost behind the horizon of the black hole, is encoded in 

string theory in the state of the stranded strings on the stretched horizon. It would be a 

remarkable consistency check of these ideas if one could calculate the entropy of stranded 

strings in a black hole background and find that it agreed with the BH entropy. This 

calculation has not yet been done, but even without attempting it we can see that there 

is a puzzle about the detailed form of the BH entropy formula in any theory in which 

the fundamental length is larger than the Planck length by a factor of the dimensionless 

coupling that controls semiclassical expansions. 

In particular, in string theory, the fundamental unit of length is the string length 

Is ~ Va", related to the Planck length by the dimensionless string coupling, gsh ~ lp-

Thus, in terms of the natural units of string theory, the BH entropy is an effect of order 

-V- Any straightforward calculation of the quantum entropy of strings in a black hole 

background will, to leading order, be independent of g§. Indeed, this would seem to be a 
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property of any quantum theory. In the semiclassical expansion, entropy arises by tracing 

over states which are small fluctuations about a classical background. To leading order, 

their description is independent of the coupling, and one would expect the expansion of 

the entropy to begin at order g%. 

Susskind proposes to avoid this apparent difficulty by the following heuristic, though 

rather convincing, line of argument. Imagine doing string theory in a light cone frame 

moving parallel to the horizon. In this gauge, we can, as above, try to make sense of local 

quantities in string theory. In particular, Susskind proposes to take over from local field 

theory the notion that an observer, in this frame localized a distance d from the horizon, 

effectively sees a bath of strings at a d dependent temperature, approaching the Hagedorn 

temperature as d i 1$. If this is the case, then the string partition function at genus 

one will blow up in a black hole background. It has long been believed that in the finite 

temperature case, this divergence is the signal of a phase transition to a new phase of string 

theory. In particular, Atick and Witten [16] have argued that this phase transition is of first 

order. Formally, the precursor of the transition is a tachyonic mass for certain winding 

modes of strings around the compact time dimension of a finite temperature cylinder. 

Atick and Witten argue that string interactions stabilize this instability, leading to a finite 

condensate of winding modes which contributes to the free energy at order -V. Susskind 

proposes to identify the black hole analog of the genus zero entropy of Atick and Witten 

with the BH entropy. 

It is beyond the reach of present stringy technology to calculate the Atick-Witten 

entropy at genus zero, much less Susskind's profound generalization of it. Nonetheless, 

taken as a whole, Susskind's proposal is, in this author's opinion, the first serious attempt 

to explain the BH entropy in terms of a quantum mechanical sum over states. His whole 

picture, if viewed as the quantum mechanical analog of the Membrane Paradigm, is con

sistent with everything we know about black holes and strings. In particular, it does not 

contradict the use of effective field theory for the description of the vicinity of the horizon 

of a large black hole as viewed by an infalling observer. Classical general relativity tells 

us that a Schwarzschild observer with fine enough resolving power is able to retrieve all 



information about things that fell into the black hole in "the remote past." 1 2 It is only for 

the quantum mechanical analysis of these super-Planckian measurements that one needs 

to resort to string theory. 

Viewed in this manner, the BH entropy formula hints at a very interesting conclusion. 

In classical physics, we can throw an infinite amount of information into a black hole, and 

the Schwarzschild observer can measure it. The BH formula suggests that this infinity is 

cut off by quantum effects. Bekenstein has tried to argue [17] that this cutoff reflects a 

fundamental quantum gravitational restriction on the amount of information that can be 

contained inside a volume bounded by an area A. As far as I know, all such arguments 

implicitly assume that the volume enclosed is finite, and certainly do not take into account 

geometries with horizons which recede off to infinity. The cornucopion scenario is in direct 

contradiction with Bekenstein's bounds, if they are taken to refer to the entire entropy 

of entanglement of the external world with the world behind the black hole horizon. If 

instead they are taken to represent only the entropy of states near the horizon that are in 

causal contact with the external world, the contradiction is removed. I believe that this 

is all that is necessary to prevent violations of the second law of thermodynamics in the 

presence of black holes. 

Instead, in view of Susskind's picture of the origin of the BH formula, I would ascribe 

the finiteness of BH entropy to a limitation on the information-carrying capacity of stranded 

strings on the stretched horizon. Consider a string state whose center of mass is thrown 

into the black hole. In free string theory, it leaves behind stranded strings on the horizon. 

Once interactions are taken into account, these stranded strings can break, combine with 

other strings, and in this way, "lose contact" with the original state which deposited them. 

Information about the Mailing state is now truly lost to the stranded strings and thus to 

the external observer. The horizon is thus a semipermeable membrane for information— 

ihat information represented by the BH entropy is information about the state of the 

stranded strings on the stretched horizon, but it is not complete information about what 

ell into the black hole. The idea that complete information is in principle accessible is 

1 2 As seen by an infalling observer. Of course, all these measurements are made on a single 
ichwarzschild time slice. 
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an artifact of classical physics, corresponding to the divergence of the BH entropy in the 

gs -» 0 limit. 

This lecture has been only a brief summary of Susskind's ideas. I have stressed 

primarily those points where I felt that a clearer explanation was necessary than could 

be found in the literature. For more details, I refer the reader to Susskind's original 

papers (4). 

6. Conclusions 

I believe that by combining the notion of cornucopions with Susskind's ideas about 

string theory and BH entropy, we have for the first time the outline of a sensible story 

about the problem of information loss in black hole evaporation. These two seemingly 

contradictory aspects of the description are the analog of the infalling and supported 

observers' points of view in classical general relativity. The cornucopion scenario tells 

us what is "really going on" behind the horizon. It cannot easily account for the BH 

entropy, which is a notion relevant to the observations of the external observer. Susskind's 

interpretation of the BH entropy is a concrete realization of the heuristic treatment of this 

entropy by the Membrane Paradigm. It is remarkable that we have to give up the rules of 

quantum field theory in order to find a consistent realization of these semiclassical ideas. 

It is even more remarkable that string theory seems to provide the required generalization 

of field theory. If these arguments are verified, 't Hooft's bold claim, that the resolution 

. of the paradoxes of Hawking radiation would lead us to the correct theory of quantum 

gravity, will be vindicated. 

Taken by itself, Susskind's picture could be advanced (and Susskind so advances it) as 

proof that all of the information in the black hole is returned to the external observer. As 

indicated above, I do not think that this is necessarily correct. All of the recent work on 

remnants has led to a picture in which black hole formation and evaporation terminates, 

at least for black holes of sufficiently large magnetic charge, in a semiclassical spacetime 

in which the number of different causally disconnected asymptotic regions is different in 

the future than in the past. Basically, this is the picture of a black hole that comes out 



of classical general relativity, with only the singular behavior of that theory removed. I 

believe that perturbative string theory on such a spacetime would lead to the prediction 

that the S-matrix for the original asymptotic region is nonunitary (basically, because even 

though string theory is nonlocal, it satisfies the cluster property of the S-matrix). 
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CLEO, concentrating on the T(4s) resonance at CESR, has accumulated an 

integrated luminosity corresponding to 2 x 106 produced BB pairs. This has 

allowed us to investigate a wide variety of B-decay processes. In this paper, I 

will concentrate on three general decay modes: semileptonic decays, two-
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1 Introduction 

1.1 Physics at the T(4s) 
The CLEO collaboration, made up of about 220 physicists from 22 institutions, has 

concentrated on studying the Y(4s) resonance since it is just above threshold for 

producing B mesons. Figure 1 shows the hadronic cross section as a function of center-

of-mass energy, W, in the T region. The cross section o(Y(4s)-»BF) is 1.07 nb at 

W=10.58 GeV. The continuum cross section below the resonance c(e+e~-»qq) is 

approximately 3 nb. 

CLEO has currently accumulated an integrated luminosity of 2fb"l on the T(4s) 

which is equivalent to 2x10^ produced BB pairs. In addition, approximately lfb"' 

has been accumulated on the continuum at an energy slightly below the T(4s). CESR, 

the Cornell Electron Storage Ring, has operated at a peak luminosity of 2.5x10^2 

cm"2 sec"'. The "best day" integrated luminosity, so far, has been 14.4 pb"'. 

1.2 Event Selection 
For most analyses, the qq continuum is the major source of background. There are 

several commonly used variables that are employed to reduce the contribution from 

the continuum. They are based on the difference in shapes between BB and qq 

events. At the T(4s), the produced B mesons are almost at rest so the distribution of 

decay particles tends to be spherical. On the other hand, the qq events tend to be jetty. 

Two variables which can distinguish event shapes have been found to be quite 

useful. The normalized second Fox-Wolfram moment, R2, has a range from 0 to 1. It is 

large for qq events and small for BB" events. The second variable is cosOt, where 8 t 

is the angle between the candidate thrust axis and the thrust axis of the rest of the 

event. The distribution for qq events peaks towards ±1 while it is flat for BB events. 
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Figure 1. Hadronic cross section as a function of center-of-mass energy, W. 
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Figure 2. Magnified view of the CLEO detector inside the magnetic 
coil. 

In cases when it is possible to reconstruct one of the B mesons, there are two very 

powerful kinematic variables that are used. One, the difference between the candidate 

energy and the beam energy, AE, has a resolution between 17 MeV and 50 MeV, 

depending on decay mode. The second is the beam-constrained mass, 

MB=Mam-(Ip)2 . 0) 

where the sum is over the candidate tracks that are the selected decay products of the 

B meson. The resolution of M B is about 25 MeV nearly independent of decay mode. 

It is dominated by the 2 MeV width of the beam. A B event will have AE close to 0 

and M B close to 5.280 GeV, the known mass of a B meson. 

1.3 The CLEO Detector 
The CLEO Detector is a 4TI general-purpose detector utilizing a superconducting coil 

operating at 1.5 Tesla. All detection elements, except for the muon chambers, are 

inside the magnetic coil. Figure 2 shows a magnified view of those parts of the detector 

inside the coil. 

Three drift chambers, the PTL, the VD,and the central Drift Chamber, provide up to 

67 layers for tracking information. The momentum resolution obtained using these 

chambers is given by: 

f ^ J =(0.005)2+(0.0015p)2 . (2) 

In addition, dE/dx is measured in the 51 layers of the central Drift Chamber with a 

resolution of 6.2% for electrons and 7.2% for hadrons. 



The electromagnetic calorimeter is comprised of 7800 crystals of Csl and provides 

excellent energy resolution for photons and electrons. The resolution in the "good" 

barrel region is given by: 

—(%)= 0.35/E0-7 5 + 1.9-0.1E (E in GeV). (3) 
E 

It is 2%, or better, for energies above 1 GeV. 

1.4 The CKM Matrix 
In the Standard Model, weak decays can be understood through the Cabibbo-

Kobayashi-Maskawa (CKM) matrix which relates the physical quarks to their weak 

eigenstates. 

Vii 
»ud "us *ub 
"cd *cs *cb 
v t d v t e v t b J 

(4) 

The Vy are not predicted by theory. They are fundamental parameters of the Standard 

Model and must be measured experimentally. 

The elements V„b and Vcb can be best measured in semileptonic decays of the 

B meson since there are no final state interactions between the lepton decay products of 

the W and the other final state quarks. In addition, V^ and V^ can also be measured 

in B-meson decays either through box diagrams leading to mixing or single-loop 

penguin decays as indicated in Fig. 3. 

W W 

Figure 3. Feynman diagrams for B-meson decays: Box diagram for mixing 
and penguin diagram. 

While there are several ways of representing the matrix elements, the Wolfenstein 

form, shown below, gives an indication as to the relative size of the elements. 

\-X2 11 X A^Cp-iri)) 
Vij = -X \-x2n AX2 

AX. 3(l-p-ir|) -AX2 1 
(5) 

The value of X, the sine of the Cabibbo angle, is about 0.22 (Ref. 1). This also explicitly 

allows the possibility of CP violation in weak decays if T| is not equal to zero. 

2 Semileptonic Decays 

2.1 Br(B->xlv) for B° and B-; Three Different Tagging Methods 
2.1.1 Fully Reconstructed B's 

A total of 834 ± 42 B° and 515 ± 31 B" (and B+) mesons have been fully 

reconstructed as shown in Figs. 4(a) and 4(b). The fraction of these events that are 

accompanied by a lepton (e or ji) leads to the appropriate branching ratio. The results 



6 0 0 

400 

200 

' • ' • I ' ' ' ' I ' 
( a ) Full Sample 

• 5 ( A E ) Signal 
• 1 S ( A E ) Sideband 

2030«94-001 
| I ' I I 

5.200 5.225 5.250 
MB(GeV) 

5.275 5.300 

4000 

« 2000 -> 

160 

' ' I i i i i I i 'I i i j i i i i | 

( c ) Full Sample 
• Data 

i—i Background ( Monte Carlo) 

H 
| " H ' " | , ' ^ l r * * l ' 

I I I l I I I I i S - h t " 
( d ) Lepton Subset 

* . . . . < • . . 

-10 
M^(GeV 2) 

Figure 4. (a) Beam-constrained mass for fully reconstructed B mesons. 
The histogram is for events in the 6E sideband, (b) is the same as (a) but foi 
lepton subset, (c) and (d) are similar to (a) and (b) for Mv distribution. 

351 -

b 0 s B r ( B ° - > X l v ) =(I3i±2.6)% 

b_ BBr(B"->XIv) = (10.1 ±1.8)% • 

It should be noted that this is the first reported measurement for the charged B 

semileptonic branching fraction. 

2.1.2 Partial Reconstruction of Semileptonic Decays 

In order to increase the tagging efficiency compared to a full reconstruction, a partial 

reconstruction technique can be employed by taking advantage of the decay kinematics 

of the D * + meson. Consider the tagging decay E°-» D* + rv , where D * + - » D ° J I + . The 

laboratory momentum of the 7C+ varies around an average of about 0.2 GeV/c. Due to the 

low Q value of this decay, the energy, Erj«, and momentum, Frj* °f m e ®*> c a n ^ 

calculated by measuring the three-momenta of the n+. In die approximation that the B is 

at rest, the missing neutrino mass can be written as 

Ml =(Ebeam ~ E D . - E , f - ( l ^ . + P , ) 2 . (6) 

- 2 

Figures 4(c) and 4(d) show the distribution of Mv for the full sample and for the lepton 

subset. The total number of B° decays in the signal region, M? > -2GeV , for the 

full sample is 7119 ± 139. The resulting branching fraction is 

b 0 =(10.5 + 0.8)%. 

2.1.3 Partial Reconstruction of Hadronic Decays 

In the two-body tagging decay B°-» D * + J T , the iC has a momentum of 2.3 GeV/c. 

The D * + energy and momentum can be reconstructed from the D°7t+ decay as 



described above. The D can then be combined with the ir to form a B candidate.2 

With this technique, 822 ± 53 B° decays were reconstructed, leading to a branching 

fraction 

b 0 = (10.2 ±1.9)%. 

2.1.4 Combining the Results 

The weighted average for the three branching fractions for the B°, including 

systematic errors, is 

b 0 = (10.9 ±0.7 ±1.1)%. 

As given above, the branching fraction for the B _is 

b_= (10.1 ±1.8+1.4)%. 

CLEO has also measured the charged average from the inclusive lepton spectra.3 In 

that analysis, a fit must be made to the shape of both the primary (b -» civ) lepton 

spectrum and to the secondary cascade (b->c->slv) spectrum. These spectra 

depend on theory; hence the result is model dependent. Below are the two values for 

the two models considered. 

b = (10.98±0.10±0.33)% IGSW*with21%D** 

b = (10.65 ±0.05 ±0.33)% ACCMM? 

We see that the average of the individual charged branching fractions agrees very well 

with either fit forB, which is measured in an entirely independent manner. 

In addition, since the ratio of the charged and neutral branching fractions is equal 

to the ratio of lifetimes, we have 

b. /b 0 =T./x 0 =0.93±0.18±0.12. 

This is very consistent with the newest world average, T_ / X 0 = 1.003 + 0.069, as 

reported in this conference by P. Wells. 
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2.2 B-»Xev with a Lepton Tag* 
2.2.1 Br(B->Xev) 

When both B mesons decay semileptonically, we can take advantage of charge 

correlations and kinematics to get a model-independent measurement of b, the 

charged average branching fraction. 

A lepton (|i or e) with momentum greater than 1.4 GeV/c is the tag. The 

momentum cut ensures that there is very little contamination from b->c->s cascade 

leptons. If the other B decays semileptonically, its lepton will have an opposite charge to 

the tag lepton (neglecting mixing). In this analysis, only electrons are used for the 

"signal" lepton. Electrons can be identified down to a momentum of 0.6GeV/c while 

muons are ranged out for momenta below 1.4GeV/c. In order to reduce the model 

dependence, it is important to measure the "signal" lepton momentum to as low a 

value as possible. 

The major background occurs when the charm system from the tag decay, 

b ~* c'tagv> a ' s o decays semileptonically. This lepton also has opposite charge 

relative to the tag. Since the B meson is produced almost at rest, the two leptons, in 

this case, will tend to be in opposite hemispheres. On the other hand, the leptons 

coming from opposite B's are uncorrelated. Figure 5 shows a Monte Carlo generated 

scatter plot of the electron momentum versus the cosine of the angle between the 

electron and lepton tag. A diagonal cut, p e _ + cos(l.e) > 1, is made which reduces this 

background by a factor of 25 and maintains 67% of the signal. 

After the cut, there are a total of 245,255 ± 76 lepton tags. Figure 6 shows the 

resulting electron momentum spectrum. The solid curve shows the shape due to the 

ACCMM theory. It is shown only to indicate what fraction of the signal must be 

extrapolated from theory. This fraction is (5.8 + 0.5)%, where the uncertainty is due 
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to the range of the different models. The resulting branching fraction is 

b = Br(B -> Xev) = (10.36 ± 0.17 ± 0.40)%. 

The systematic (second) error is dominated by the estimate in the fake electron rate. 

There is a very small contribution due to any model dependence. 

2.2.2 Br(r(4s)-mon-BE) 

The above result depends on the number of lepton tags, not on the number of BB 

pairs produced on the Y(4s) . Using this fact, we can obtain a measurement of the 

branching fraction for the T(4s) to decay to non-BB states. Almost all B-meson 

branching fractions measured on the Y(4s) are calculated assuming this number is 

zero. The number of electrons per unit momentum interval can be written in terms of 

the number of Y(4s) events and the electron spectrum — as 
dp 

^ - i W - O n C P ^ , <„ 

where f is the fraction of non-BB decays, and n.(p) is the momentum-dependent 

efficiency. Integrating this over the entire sample (p 5 0.6 GeVA) gives 

f= 0.010 + 0.014 + 0.011. 

This is an especially important result. It can be stated with reasonable certainty that 

the experimentally measured semileptonic branching fraction is less than 11%. On 

the other hand, theory predicts a value that should be no less than 12.5% (Ref. 7). If 

the non-BB branching fraction were of the order of 15%, it would bring theory and 

experiment into agreement. But the above measured fraction implies a 95% 

confidence level upper limit of 0.04. The difference between theory and experiment 

cannot be explained by production of non-BB states at the T(4s). 



2.3 B-»D*Iv 
2.3.1 Br(B-»D*lv) 

As noted above, when the B decays to a D*, the slow TC from the decay of the D* 

provides a very clear experimental signature. In addition, the recent development of 

Heavy Quark Effective Theory (HQET)8 allows a measurement of |V c b | from 

B -> D lv that has a smaller model dependence than previous determinations. 

CLEO has made a new measurement of the branching fractions for the decays 

B° -> D* +l"v and B" -» D*°rv. The basic method is to combine a fully 

reconstructed D with the correct sign lepton (e or y.) in the event. D* mesons are 

reconstructed using the decay chains D* + -> D°7t+, D*° - • D°n°, and 

D -> K~7t+. An effective constraint is obtained by insisting that the kinematics of 

the candidate decay be consistent with a neutrino being the only missing particle. 

The D meson is reconstructed by fitting the D° mass peak after making a cut on 

the D -D° mass difference, 8 m 3 M ^ - M ^ , and subtracting any fit D°'s in a 6 m 

sideband. The 8 m signal region for D* + is 8 MeV wide and is centered on 145.44 MeV 

while for the D*°, it is 6 MeV wide centered on 142.12 MeV. Figure 7 shows the 

5 m distribution for D* + and D*° events which have M^,, within 100 MeV of the 

measured D° mass. The M^n distributions for events in the S m signal and sideband 

regions are shown in Fig. 8. 

The resulting yield for the 5 ° decay is 376 ± 27 ± 16, while for the B" mode, the 

yield is 302 ±32 + 13. Under the assumption that the fraction of produced neutral B 

mesons (f00) is equal to the fraction of charged B mesons (f^_), we get the following 

branching fractions: 
Br(l° -> D* +l" v) = [4.49 ± 0.32 + 0.39]% 

Br(B" -> D*°l"v) = [5.13 ± 054 + 0.64]% . 
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2.3.2 i+Jfw 

If we do not make the assumption that f0o = f+_, but instead assume only that 

r(B°->D,+rv)=r(B-->D*0rv), (8) 

we can obtain a value for f+_ /f 0 0. We can write for the neutral and charged yields 

N o = 4N Y ( 4 s )fooBr(B° -)• D * + F v ) B D . + B D O , (9) 

N_ = 4 N T ( 4 s ) f + _ B r ( B - -> D*°rv )B D . 0 B D o , (10) 

where B Q . + = Br(D*+ -» D°7t+) = (68.0 ± 1.0 ± 1.3)% > 

and B D . 0 =Br(D*° -> D V ) = ( 6 3 . 6 ± 2 . 3 ± 3 . 3 ) % [Ref.9]. 
Dividing the second equation by the first, we get 

f t R . N B n.+ 
r = ' " • =1.14 ±0.14 ±0.13 

Using the value of x B - / t B o =1.10±0.11 (Ref. 10), we get 

^ = - = 1.04 ± 0.13 ± 0.12 ± 0.10. 
foo 

The third error is due to an uncertainty in the lifetime ratios. 
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23.3 |V c b | via HQET 

Generally, the amplitude for B -> D lv depends on three independent form factors 

which are functions of q 2, the mass of the virtual W. But, in HQET, in the limit of 

infinite b and c quark masses, the three form factors are given in terms of a single 

form factor §(y), known as the Isgur-Wise function. The variable y is given by 

y = v V = ( M | + M 2

3 . - q 2 y ( 2 M B M D . ) • (11) 

where v and v' are the four velocities of the B and D* mesons.and M B and M D . are 

their respective masses. At y=l (maximum q2), ij(l) is normalized to unity. For 

finite quark masses, the differential decay rate can still be expressed in terms of a 

single unknown form factor F(y). F(l) can be calculated in perturbative QCD to have 

the value 0.93 ± .04 (Refs. 11 and 12). 

The differential decay rate can be written as 

^ = G(y)|V c b | 2F 2(y) • (12) 

where G(y) is a known function which has the property that it is zero at y=l. Thus, 

— must be extrapolated to y=l in order to obtain |Vch). Since the shape of F(y) is 
dy 

unknown, results from both a linear and quadratic fit are obtained. 

Figure 9 shows lVCblF(y) vs. y with both fits. The more precise value comes from 

the linear fit which gives 

|V c b | = 0.0377±0.0019±0.0020±0.0014 . 

where the third error is due to the uncertainty in F(l) and the lifetime uncertainty has 

been included in the second (systematic) error. 
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Figure 9. The product |Vcb|F(y) (solid line) as determined by fits to the 
combined D*+l" and D*°l" data using (a) a linear expansion and (b) a 
quadratic expansion for the form factor F(y). The dotted lines show the 
contours for lo variations of the fit parameters. 

3. Two-Body Nonleptonic Decays 

3.1 Factorization 
The semiieptonic decay of B° to a D + must occur via the external spectator diagram 

shown in Fig. 10(a). The amplitude for this decay factorizes into a product of 

leptonic and hadronic currents since leptons do not interact through the strong 

interaction. Figure 10(a) also shows the corresponding hadronic decay diagram. The 

factorization hypothesis states that the amplitude for this decay can be expressed 

theoretically as the product of two hadronic currents, one describing the formation of 

the D* + meson and the other the hadronization of the ud system from the virtual W". 

In other words, the D* + is "unaware" of whether the \V" decayed into leptons or 

hadrons. Most theories of two-body hadronic decays of the B meson are based on the 

factorization hypothesis. 
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Figure 10. B-meson decay spectator diagrams, (a) External semiieptonic 
or hadronic decay and (b) color suppressed, internal spectator decay. 

Factorization can be tested experimentally by verifying the relation 

r(B°^p , + h-) _ . , f 2 

AY JO _ v r,*+i , ( B u -> D + f v ) 
= 67raff h

z |V u df. (13) 

1 0 9 

The condition q = mjj (q is the mass of the lepton-neutino system which is the 

mass of the virtual W") ensures that the kinematics of the leptonic system is the same 

as the hadronic system. The factor aj =1.1 + 0 is due to a hard gluon QCD 

correction,and f], is the appropriate decay constant for the hadron h. CLEO has data 

for the cases when h=jt, p and aj as shown in Fig. 11. In addition, both CLEO and 
ARGUS have measurements for dI7dq2 as a function of q 2. These are shown in 

Figure 11(d) along with several theoretical fits to the data. From these data, we can 

form the left-hand ratio in Eq. (13) which we denote as R^p. For the right-hand side, 
RTheo» w e u s e m e measured value fit = 131.7 ± 0.15 MeV, fp = 215 ± 4 MeV, and 

fa, =205 ±16 MeV. 
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The comparison for the three decay modes are shown below: 

Mode Re x p(Gev2) R T h t 0(Gev2) 

D* + n" 1.1 ±0.1 ±0.2 1.2 ±0.2 
D* +p" 3.0 ±0.4 ±0.6 3.3 ±0.5 
D*+af 4.0 ±0.6 ±0.5 3.0 ± 0.5 . 

It seems, for hadronic masses up to the a], the factorization hypothesis is valid. 

3.2 External Spectator vs. Color-Suppressed Decays 
In the BSW model,13 external spectator decays as depicted in Fig. 10(a) should have 

branching ratios dependent on an amplitude denoted as a]. On the other hand, 

internal spectator decays, as shown in Fig. 10(b), should depend on a much smaller 

amplitude, a2, due to the fact that the colors of the quarks from the W" decay must 

match the colors of the c quark and accompanying spectator quark. 

B° decays to D+Jt", D +p", D*+7t", and D*+p" are purely external modes. Their 

branching fractions are proportional to af. The mass distribution for the first two 

modes is shown in Figs. 12(c) and 12(d). The second two modes were discussed in the 

previous section. A fit to the branching fractions yields |ai| = 1.15± 0.04 ± 0.05 ± 0.09. 

Modes with \\i mesons in the final state are due to pure internal decays. Figure 13 

shows four of these modes. From these, we get |a 2 | = 026 ±0.01 ±0.01 ±0.02. The 

second systematic error on |a]| and |a2| is due to the uncertainties due to the B-meson 

production fractions and lifetimes (i.e, f + _ t + /%*<) )• 
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The sign of a 2 relative to aj can be determined by comparing charged and neutral 

modes. The BSW model predicts the following four ratios: 

R, = B r ( B " - > D V ) / B r ( B ° - » D + 7 r ) = (l + n 3 a 2 / a , ) 2 

R 2 = Br(B"-^ D°p _ )/Br(B°-> D + p") = (l + 0.66a 2 /a,) 2 

R 3 = B r ( B - > D * V ) / B r ( B ° - > D * + j O = (l + l-29a 2 /a,) 2 

R 4 -=Br(B--*D*V>/Br(B 0 -»D* + p") = (i + o . 75a 2 / a i ) 2 . 

The charge modes can occur through either an external or internal decay, and thus 

depend on a sum of aj and a 2 amplitudes. Figures 12(a) and 12(b) show the data for the 

two D° charged B modes. 

Table 1 shows the model predictions for the two a 2 /a ] ratios and the experimental 

results. 

TABLE 1. Ratios of normalization modes to determine the sign of a 2/aj. The 
magnitude of a2/a] is the value in the BSW model which agrees with the 
results from the B -> y modes. 

Ratio a2/ai=-0.24 a2/a)=0.24 CLEOII 

R, 0.50 1.68 1.89 ±0.26 ±0.32 
R 2 0.71 1.34 1.67 ±0.27 ±0.30 
R3 0.48 1.72 2.00 ±0.37 ±0.28 
R„ 0.41 1.85 2.27 ±0.41 ±0.41 



4 Rare Decays 

4.1 Introduction 

In this paper, rare decays refer to spectator b->u decays or penguin decays (one-loop 

flavor changing neutral current diagrams). Penguin diagrams were originally 

introduced to explain the AI = — rule in K decays. They are possible candidates for 

direct CP violation. In B decays, the penguin branching fractions are expected to be 

several orders of magnitude larger than for the corresponding K decays. In addition, 

they could provide a window on new physics in that the existence of new particles 

(e.g., charged Higgs) could affect the overall amplitude for the decay. 

Figure 14(a) shows the pure penguin diagram for B° -» ())K0 while Figs. 14(b) and 

14(c) show both the penguin and b -» u spectactor diagrams for B° -» K+n~. 

Interference between these latter two diagrams could lead to CP violation. 

b "u 

d —» *— d 
(c) 

u K* 

Figure 14. (a) Penguin diagram for B -»<(iK . (b) Penguin diagram for 
B° -> K+7t~. (c) Spectator diagram for B -> K + «~ . The spectator decay 
is doubly suppressed since ra |V u | ,V u s | . 

Decays such as B -> 7t+7t~ and B -» 7t +p" should be dominated by the b->u 

spectator diagram. Measurements of their branching fractions can be used to extract a. 

value for |VU(,|. Also, the mode B -» n*n~ can be used to measure CP violation 

since the 7t+7t~ final state is a CP eigcnstate. CP violation can arise from the 

interference between the amplitude for direct decay and the amplitude when the B° 

mixes into a B and then decays. 

4.2 Charmless Hadronic Decays 
CLEO has done an extensive search for two-body charmless hadronic rare decays. 

The results quoted here are based on an integrated luminosity on the T(4s) of 2.0 fb"* 

(2.2x10s produced BB pairs) and 0.9 fb'l on the continuum just below the Y(4s). 

The major challenge for the analysis in all these modes is continuum suppression. 

This is accomplished by the use of four variables. One is cos9t which was discussed 

in Sec. 1. Another is the Fisher Discriminant, F. It is a single variable formed by a 

linear combination of N (for this analysis N=l 1) variables defined as 

N 
F=5>l*l . (14) 

i = l 

The x; are the set of the N individual variables, each of which usually gives relatively 

weak discrimination between signal and background. The OCj are chosen by the use of 

Monte Carlo to optimize the difference between signal and background. The single 

variable, F, gives enhanced discrimination power. The sum of chi-squares and neural 

networks are examples of other techniques that combine multiple variables into a 

single number. Figure IS shows the Fisher Discriminant for both signal and continuum 

background. The distributions are close to Gaussian in shape with about one sigma 



separation. A cut of F < 0.5 keeps 80% of the signal while rejecting 50% to 70% of 

the background, depending on the mode. 
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Figure 15. Fisher Discriminant distribution. The solid histogram is for a 
Monte Carlo generated signal. The points are for continuum data and the 
dotted histogram is for Monte Carlo generated continuum. 

The other two variables are AE, the difference between the energy of the R-meson 

candidate and the beam energy, and MB, the beam-constrained mass. In order to 

enhance the statistics on the background, we look at a relatively large region in the 

AE-Mg plane. This is shown in Fig. 16 for the data B° -> K+7t~. The signal 

region is defined as covering + 2c. For AE, a varies from 17 MeV to 50 MeV, 

depending on mode. The ratio of the area of the entire sideband region to the area of 

the signal region is about 30. The error on the background determination is improved 

by the square root of this ratio compared to the error that is obtained by taking the 

sideband region as the same size as the signal region. 
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Figure 16. Scatter plot in the AE - M B plane for data that passes the cosG, 
and Fisher cuts,and satisfies the hypothesis B° -» K + u~. 

In our analysis of B -> n*n~ ' and B° -> K+K~ ', we have used dE/dx and the 

energy difference between the K. and n to help distinguish between these two modes. 

At 2.6 GeV, the dE/dx separation between the 7t and K is 1.8o. The energy difference 

is 42 MeV which corresponds to 1.7a. We have combined these with the three 

variables F, AE, and MB to do a likelihood fit to extract the yields in each mode. 

These results have already been published,14 but the new fit shown in Fig. 17 includes 

50% more data. Table 2 gives the updated results. Since the signal for either 

individual mode is less than 3o", we quote upper limits only. On the other hand, the 

combined result has a significance of 5.3a statistical and 4.0a when systematics are 

included. 

All other rare modes that we have measured so far are shown in Table 3. No signal 

has been observed for any of these modes so 90% confidence level upper limits are 

given. In all cases,these limits are below those previously published. In some,there 



20 r-xr 

Figure 17. Maximum likelihood fit for B° -> 7 r + 7 r ~ / K + 71". The solid 
curves show the 1,2,3, and 4 sigma contours. The dotted curve is the 1.28 
sigma contour. 

TABLE 2. Updated results for B° ->• K + n " , J I + T T , and K + K " . Upper 
limits are at the 90% confidence level. 

Mode Event Yield BR(10- 5) Theoretical Predictions 1 5 (10"5) 

7t +7t~ «*fl <2.2 

K + T T 7 . 1 ^ <1.9 

K +K~ o.o!i:6o <0.7 

K+n~ + K +7t" 5.71H 1 8+0-6 

1.0-2.6 

1.0-2.0 

TABLE 3. Event yields, estimated background in the signal region, upper limits on 
the branching ratios, previous upper limits, and theoretical predictions. Upper limits 
are at the 90% confidence level. For the decays B -> Xs<j>, particles in parentheses 
indicate a K*(892) decaying to those particles. 

Event Est. Upper Limit Previous Theory 
Mode Yield Bkgr. onM(10- s ) UL (10-5) (10-5) 

A 0 I 1.7 ±0.4 1.0 - 0.03-0.10 

j rV 6 2.4 ±0.6 9.5 52 1.9-8.8 

»v 1 1.5 ±0.5 2.9 40 0.07-0.23 

*+*" 8 5.8 ±0.6 2.3 24 0.6-2.1 

T + P ° 3 1.8 ±0.3 4.1 15 0.0-1.4 

AV 2 6.3 _ 0.5-0.8 
A ' - V 3 0.6 ±0.2 23.8 44 0.1-1.9 
A"V 0 0.9 ±0.3 3.5 - 0.3-0.5 

A'V 2 1.7 ±0.4 4.3 - O.0-0.2 

A"V 1 10.7 49 0.1-1.3 

(AV)tf 1 
(ff°ir> 0 
K'"<p (combined) 1 3.9 32 0.0-3.1 

# 0 4.8 - -

A+;r0 10 5.0 ±0.5 3.2 _ 0.3-1.3 
A V 6 2.0 ±0.5 6.8 9 1.1-1.2 
A ' V 2 0.6 ±0.2 6.0 13 0.6-0.9 
A+p° 1 1.1 ±0.2 2.6 7 0.01-0.06 

A'+tf 0 1.4 8 0.1-1.5 
(A'+ir> 0 
(AVtf 1 
A'*+0 (combined) 1 9.0 130 0.0-3.1 



lias been an improvement by an order of magnitude or more. In several cases 

(e.g., B -> 71 p , B + -> 7t+TC ), the upper limits are comparable to some of the 

theoretical predictions. Figure 18 shows the Mg distribution for the <t> modes, which are 

particularly free of background. 

4.3 Measurement of Inclusive b-»sy 
Last year, CLEO established the existence of the penguin process b-»sy by observing 

the decay B-»K*(892)y (Ref. 16). The theoretical prediction of this exclusive rate has a 

large model dependence. On the other hand, the inclusive rate can be calculated within 

the framework of the Standard Model.17 The largest theoretical uncertainties stem from 

the choice of renormalization scale |! and the fact that not all of the next-to-leading 

logarithmic QCD corrections have been calculated.18 When these corrections have 

been completed, then the measurement of the inclusive rate can place stringent limits on 

a wide variety of nonstandard models as indicated in the list below taken from Joanne 

Hewett's talk given at the 1993 Summer Institute.19 

"Top Ten" Models Constrained by b-»sy: 

1. Standard Model 6. Supersymmetry 

2. Anomalous Top-Quark Couplings 7. Three-Higgs-Doublet Model 

3. Anomalous Trilinear Gauge Couplings 8. Extended Technicolor 

4. Fourth Generation 9. Leptoquarks 

5. Two-Higgs-Doublet Models 10. Left-Right Symmetric Models 

This year, CLEO has measured the inclusive branching fraction for b->sy. The 

signature is a photon with an energy between 2.2 and 2.7 GeV. Most models indicate 

that 75-90% of the photons from the b->sy process lie in this range. The background 
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Figure 18. Beam constrained mass for B -> <jiX where X is as indicated. 



from other B decays is small and can be calculated. However, the background of 

photons from the continuum is large and complicated by the fact that there are two 

different processes contributing: e + e " -> qq with photons coming primarily from 

unvetoed n° and t| decays, and initial state radiation (ISR) where e + e" -> qqy. Two 

different techniques have been developed to suppress these backgrounds. 

4.3.1 Continuum Suppression with a Neural Network 

In the neural network, as in the Fisher Discriminant, we form a single variable from a 

combination of event-shape variables. The eight variables we have used are described 

below and their distributions are shown in Figs. 19 and 20. 

• R2. This is the second Fox-Wolfram moment already described in Sec. 1.2. 

• Sj_. This variable takes advantage of the fact that the high-energy photon gives 

the event an axis. It is defined as 

I P X 
s l = 6 ^ T (6 = angle with respect to the y) . (15) 

LP 
all 

It discriminates most against qq-continuum events. 

• R2. This is the R2 variable but calculated in the rest frame of the e +e -after 

the radiation of the high-energy photon (the primed frame). It discriminates most 

against ISR events. 

• cosG'. 9' is the angle between the photon and the thrust axis of the rest of the 

event in the primed frame. Again, it tends to discriminate against ISR events. 

• Energy cones. There are four energy-flow cones centered on the high-energy 

photon. The distributions for the three different types of events are shown in Fig. 20. 
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Figure 19. R 2, Sj_, FL2, COS(6') distributions for simulations of signal (solid), 
ISR (dashed), and qq" (dotted). 

s/
0
.0

2
 

i 1 signal 
c 
V 
5 0.030 

.—••:ISR 
, , qq . 

ra
ct

io
n

 o
f 

o 
o 

1 
1 V, 

3 « S 
E(20" forward) GeV E(20° backward) GeV 

E(30 o forward) GeV E(30° backward) GeV 

Figure 20. Distributions of energy cone variables for simulations of signal 
(solid), ISR (dashed),and qq (dotted). 



The single neural network output, r, formed from these eight variables is shown in 

Fig. 21. It varies from -1 to +1. As can be seen, it gives good discrimination between 

signal and background. 
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Figure 21. Distribution of single neural network output variable, r, for 
simulations of signal (solid) and background (dashed). The points are for 
off-resonance data. 

4.3.2 Continuum Suppression Using Inclusive B Reconstruction 

The basic approach is to look for one or more combinations of particles that fits the 

B -> X sy decay hypothesis. X s includes a K or K° with up to four pions which 

may include at most one 7i°. This technique provides continuum suppression but does 

not necessarily give the correct decay mode. K* and TI* candidates are required to 

have a measured dE/dx within ±3a for that mass hypothesis. The K* cut is tightened 

to 2.5a after the best track combination is selected. A Kg is reconstructed from 

7i+rc~ pairs with a displaced vertex with a mass within 3c of the accepted K° mass. 

For each candidate combination, the total energy and momentum is formed from 

the sum of the individual particle energies and vector momenta, respectively. The 

• 1 1 • 1 1 1 . 1 1 1 1 . . . 1 1 1 . —t. 

i 1 signal MC -
.—••: continuum MC • 

• o«T (4s )da ta -
' ^ 

— I T T , i . . . . 1 . . . . 1 . . . > 

energy difference, AE, and beam-constrained mass, MB, as described in Sec. 1.2 are 

calculated. From MB, the mass difference AM = (M B-5.279) GeV is calculated. 

Finally, a % variable x | is formed: 

X B = ( A M / O - M ) 2 + ( A E / O - E ) 2 . (16) 

If there is more than one candidate combination in an event, the one with the lowest 

value of XB >S chosen. Thus, there is only one allowed combination per event. The 

distributions of %B for the signal, the qq, and the ISR backgrounds arc shown in Fig. 22. 

To be accepted, an event must have XB less than six. 
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Figure 22. The x B distribution for simulations of the signal (solid), 
the qq (dotted), and ISR (dashed) backgrounds. 

4.3.3 Results 

The photon energy spectrum as obtained from the neural network analysis is shown in 

Fig. 23(a). The solid histogram is the on-resonance data. The dotted histogram 

represents the scaled off-resonance data while the points represent the off-resonance 
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Figure 23. Photon energy distribution from the neural network analysis. 
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Figure 24. Photon energy distribution from the B-reconstniction analysis 

data plus the expected T(4s) background. Figure 23(b) shows the background-

subtracted data. Figure 24 shows the corresponding distributions for the B-

reconstruction analysis. 

Since the B-reconstruction technique selects a best X s candidate, we can plot an 

apparent X s mass distribution. This is shown in Fig. 25. While the spectrum should 

not be taken too literally, the peak at low mass seems to be clear evidence for 

B -> K (892)y. The derived rate is consistent with our previously published result.16 

20 

$ 
o o 

15 

(0 
c 

5 5 

0) 

° o 
X) 

I-5H 

i — i — ' — i — i — | — i — i — i — r 

• bkg-subtractcd dota 
i—i Mt - on resononccs 
. - - . f i t -otherthanK -(892) 
_ i I • ' • I i_ 

600 800 1000 1200 1400 1600 1600 
M(X.) MeV 

Figure 25. X s mass distribution from the B-reconstruction analysis. 

Table 4 summarizes the yields for both techniques. The detection efficiency is 

0.38 for the neural network analysis and 0.104 for the B-reconstmction analysis. The 

fraction of photons from the b->sy decay between 2.2 and 2.7 GeV is 0.85 (Ref. 20). 

Combining the yields and efficiencies with the number of produced BB events of 

2.15 xlO 6 gives the branching fractions Br(b -»sy) = (1.88 ±0.67) x l O - 4 and 

(2.76±0.63)xl0 for the neural network and B-reconstruction analyses, 

respectively. We have determined that the two methods have a slight degree of 

file:///1000


correlation. The statistical error on the combined result is only 12% larger than the 

error would be if the two analyses were uncorrelated. The combined results, 

including systematic errors, is 

Br(b -> sy) = (2.32 ± 0.51 ± 0.29 ± 0.32) x 10" 4. 

The first error is statistical, the second is systematic due to the uncertainty in yield, 

and the third is the systematic error due to the uncertainty in efficiency. 

TABLE 4. Yields for the two analysis procedures. 

Neural Net B Reconstruction 
On 3013 ± 59 281 ± 17 
Off (scaled) 2618 ± 73 155 ± 18 
T(4s) background 

b —* u 
7T° correction 
TJ correction 
Non-BB 
T(4s) total 

50.7 ± 5.1 
11.9 ± 4.0 

50.2 ± 27.7 
16.5 ± 33.7 

2.3 
. 132 ± 4 4 

12 ± 2 
2 ± 1 

-0.7 ± 2.3 
2.0 ± 8.5 

15 ± 9 
On-OfF-T(45) 263 ± 94 

± 4 9 
110 ± 25 

± 1 0 

Our measured value is consistent with the Standard Model prediction17-18 of 

(2.75+0.80) xlO""4, where the uncertainty is due to the effects discussed at the 

beginning of this section. 

For the purposes of constraining extensions of the Standard Model, we have 

determined the 95% confidence level upper and lower limits to be: 

l x l O - 4 < B r ( b - > s y ) < 4 x l 0 - 4 . 

As one example, Fig. 26 shows the constraints on the charged Higgs mass as 

derived in the Two-Higgs-Doublet-Model II. The model has two parameters: the 

charged Higgs mass, MH,and the ratio of vacuum expectation values tanp = v 2 / v ] . 

A mass less than 260 GeV is excluded by our upper limit for all values of tanp. 

: 1200 

Excluded by CLEO upper limit 

• ! -
1 0 -

Tcn(p) 
10' 

Figure 26. Upper limits on Higgs mass as a function of tanp in the Two-
Higgs-Doublet-Model II. We have used Mt = 175 GeV. In addition, we 
have chosen the renormalization scale u = 2mD to make the Standard Model 
prediction as small as possible. 

5 Summary 
The important results presented in this paper can be summarized as follows: 

1. Semileptonic Decays 
• b_ =Br (B-»Xrv) = (l0.1±1.8±1.4)%. This is the first measurement of 

this branching fraction. 

• b_/b0 and f+Jfoo are consistent with I. 

• The measurement of b = Br(B -> Xev) using lepton tags gives a model-

independent result of (10.36 ± 0.17 ± 0.40)%. 

• Br( T(4s) -» noi>BB) < 0.04 (95% confidence level). 



• Br(B ->• Xlv) < 11% in contrast with theoretical predictions of no less 

than 12.5%. 
• New measurements of Br(B -> D lvj combined with HQET provide a 

reduced model-dependent value for |V c b | = 0.0377 ± 0.0019 ± 0.0024. 

2. Two-Body Hadronic Decays 

• The factorization hypothesis seems to be valid for B decays, at least up to 

the aj mass. 

• The BSW model gives a consistent picture for external and internal 

spectator decays. 

3. Rare Decays 

• Updated results for B -> 7tJi / Kn are consistent with our previous 

results. 

• No signal has been observed in any other two-body hadronic modes. New 

upper limits, many in the 10"5 range, are presented for different modes. 

Several are close to the theoretical predictions. 

• The branching fraction for b-»sv has been measured and is consistent with 

the Standard Model prediction. This measurement can constrain many 

extensions of the Standard Model. In the THDMII, the charged Higgs 

mass is constrained to be greater than 260 GeV. 
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Heavy Quark Physics at SLD 
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Lepton Analysis 

1 SLD Experiment 

1.1 Luminosity and Polarization 

The SLD experiment at the Stanford Linear Collider accumulated 1.8 p 6 - 1 of data 
at the Za resonance in 1993, recording a total of 50,000 hadronic Z° decays. This 
luminosity was produced by colliding electron and positron beams at an interac
tion point with spot size 0.8 /um by 2.4 /xm. The electron beam was longitudinally 
polarized, with luminosity-weighted polarization < Pe > = 0.63 ± 0.01. 

1.2 Tracking and Calorimetry 

The SLD detector is illustrated below. 

Vertex 
Detector 

1 ^ T 2 3 
\ Distance (m) 

Luminosity^ 
Monitor 

SLC 
Beamline 



Charged particle tracking is provided by a Vertex Detector (VXD) and a Cen
tral Drift Chamber (CDC), operating in a magnetic field of 0.6 Tesla. The com
bined momentum resolution of the tracking system is 

SPJPL = \/(0M)2 + (0.0026 pj./GeV)2 

in the plane perpendicular to the beam axis. 
A Liquid Argon Calorimeter (LAC) measures the energies of charged and neu

tral particles and is also used for electron identification. The LAC is segmented 
into projective towers with separate electromagnetic and hadronic sections. In the 
barrel LAC, which covers the angular range |cos0| < 0.82, the electromagnetic 
towers have transverse size ~ (36 mrad)2 and are divided longitudinally into a 
front section of six radiation lengths and a back section of 15 radiation lengths. 
The barrel LAC electromagnetic energy resolution is OE/E = 15%/^U(GeV). 

Muon tracking is provided by a Warm Iron Calorimeter (WIC). The WIC is 
four interaction lengths thick and surrounds the 2.8+0.7 interaction lengths of the 
LAC and SLD magnet coil. Sixteen layers of plastic streamer tubes interleaved 
with 2-in thick plates of iron absorber provide muon hit resolutions of 0.4 cm and 
2.0 cm in the azimuthal and axial directions respectively. 

For most of the analyses presented in this paper, events were selected by 
requiring at least 15 GeV of energy in the LAC and at least six tracks with 
Px > 0.25 GeV in the CDC. These requirements select a sample of 37,500 hadronic 
Z° events with negligible background. 

1.3 Vertex Detector 

The SLD Vertex Detector is of special importance for heavy quark physics. It is 
a CCD pixel device with cylindrical barrel geometry, covering the angular range 
|cos0| < 0.74. The detector has four layers of CCD planes, located at radii 
29.5 mm to 41.5 mm from the beam line. A typical track produces hits in two or 
three of these layers. There are 480 CCDs in all, each containing 385 x 578 pixels 
of size 22 //m x 22 pm. 
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The intrinsic impact parameter resolution of the vertex detector can be mea
sured from the apparent separation of back-to-back muons in Z° -> pp events. 
A simple parametrization of the overall impact parameter resolution, including 
multiple scattering at low momentum, is 

„ S 70/im 1 0 0 „ r 70/<m " 
*" = 1 1 / i m ® [plin^J "* = 3 8 A i m ® Wi?0. • 

The small and stable SLC interaction point enables this resolution to be fully 
exploited. The IP is tracked using Z° -t hadron events, providing a resolution of 
6 fitn in the xy-plane and 35 /im in the z direction. 

2 Rb = T{Z ->• bb)/Y(Z ->• hadrons) 

Rb is the relative partial width of the Z° to 66 final states, measured experimen
tally as the fraction of hadronic Z° decays containing 6 quarks. Rb is interesting 
theoretically, since it is sensitive to vertex corrections but insensitive to QCD 
and oblique corrections. Extensions to the Standard Model, such as extra Higgs 
doublets or supersymmetry, are expected to affect Rb at the 1% level. 

In the SLD analysis of Rb, Za -> 66 events are tagged using the vertex detector. 
Two techniques are used—a track impact parameter analysis and a displaced 
vertex analysis. Both techniques rely on the small, stable SLC interaction point 
and the excellent vertex detector resolution to select events containing tracks 
originating from secondary decays of 6 quarks. For reference, a typical B meson 
decays roughly 3 mm from the IP, producing tracks with impact parameters of 
roughly 240 ym. 

2.1 Rb Impact Parameter Analysis 

The impact parameter analysis is based on signed, normalized impact parameters 
for tracks passing a loose set of quality cuts. The normalized impact parameter 
is defined as the ratio of the two-dimensional track impact parameter (distance 
of closest approach to the event IP in the plane normal to the beam axis) to the 
track impact parameter error. The impact parameter error is a convolution of 
the track error and the uncertainty in the IP location. The impact parameter 



is signed by comparing the track direction to the direction of the nearest jet, so 
that a positive impact parameter corresponds to a track originating from a decay 
vertex in the forward jet direction. 

The distribution of normalized track impact parameters is shown below. The 
negative tail consists mostly of fragmentation tracks and gives a measure of the 
detector resolution. The large positive tail is dominated by tracks originating from 
secondary decays of 6 quarks. The Monte Carlo simulation of the drift chamber 
+ vertex detector tracking reproduces the data extremely well. 

-15 -10 -5 0 5 10 15 
Signed Normalized Impact Parameter (S/o^) 

Z° -4 66 events are tagged by requiring three or more tracks with impact 
parameter > 3 sigma. This tag gives an efficiency of 63% and a purity of 89%, 
according to the Monte Carlo simulation of Z° decays and detector response. Rt, 
is extracted from the data by combining the b-tag fraction in the data with the b-
tag efficiency from the Monte Carlo, after correcting for light quark contamination 
using the c-tag and uds-tag efficiencies from the Monte Carlo. We obtain 

i? 6 = 0.230 ± 0.005(stat) ± 0.013(syst) . 

2.2 i?(, Vertex Analysis 

The vertex analysis is based on reconstructing three-dimensional vertices displaced 
from the IP. For this analysis, simple vertexing is sufficient; no attempt is made 
to resolve track-vertex ambiguities or reconstruct 6 -> c cascade decays. Details 
of a more sophisticated vertex analysis will be presented later. 

Z° —• 66 events are tagged by requiring four or more vertices displaced from the 
IP by more than 3 sigma. This tag gives an efficiency of 73% and a purity of 79%, 
according to the Monte Carlo simulation of Z° decays and detector response. Rb 
is extracted as in the impact parameter analysis, by combining the b-tag fraction 
in the data with the b-tag efficiency from the Monte Carlo. We obtain 

Rb = 0.219 ± 0.005(stat) ± 0.014(syst) . 

£ 
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2.3 Rb Systematic Errors 

Systematic errors for the two analyses are presented in the following table. The 
impact parameter analysis is relatively sensitive to lifetime assumptions, while the 
vertex analysis is more sensitive to overall track multiplicities. 

i?j systematic errors Impact SRb/Ri, Vertex 5Rb/Rt, 
Track multiplicity 
6 fragmentation 
c fragmentation 
B-decay multiplicity 
B lifetime 
V(Z° -> cc) 

3.0% 
2.4% 
0.6% 
2.4% 
2.7% 
2 .1% 

4.5% 
1.1% 
0.2% 
3.6% 
1.2% 
1.8% 

Overall 5.7% 6.4% 

3 B Lifetime 

SLD measurements of the B lifetime are (so far) inclusive only, averaging over the 
different B hadrons procuded at the Z°. Impact parameter and vertex analyses 
have both been performed. 

3.1 B Lifetime Impact Parameter Analysis 

The B lifetime impact parameter analysis is similar to the R\, analysis. Z° -t 66 
events are selected by counting tracks with large impact parameters in a single jet. 
We require at least three tracks with impact parameter > 3 sigma. This yields a 
6-tag efficiency of 30% and a purity of 93%. 

The B lifetime is then extracted from the distribution of track impact param
eters in the event hemisphere opposite the tagging jet, shown below. The data is 
very well-reproduced by a Monte Carlo simulation of Z° decays in the detector, 
with B lifetime adjusted to match the data. This analysis yields 

n = 1.617 ± 0.048(stat) ± 0.086(syst) ps. 

S (cm) 

3.2 B Lifetime Vertex Analysis 

The vertex analysis extracts the B lifetime directly from the measured decay 
lengths of a selected sample of secondary vertices. The analysis starts by tagging 
Z° -> 66 events by an impact parameter tag, requiring three tracks with impact 
parameter > 3 sigma. Roughly 4300 events are tagged. 

Geometric vertices are then reconstructed in three-dimensional from all tracks 
passing a loose set of quality cuts. Vertices are required to have decay length 
> 1 mm and at least one track inconsistent with the IP. Track sharing combi
natorics produces roughly 20 such vertices per event. These vertices are then 
partitioned into sets where each track is used only once, and the partition with 
the best joint probability is selected. This reduces the vertex count to typically 
one to three vertices per event. In each event hemisphere, the vertex with the 
shortest decay length is finally kept. 

The Monte Carlo simulation of Z° decays in the detector reproduces the data 
quite well, matching the distributions of vertex multiplicity, tracks/vertex, mo
mentum, and transverse momentum. The Monte Carlo can be used to classify 
the final set of selected vertices according to their original quark content, as 



shown in the following table. As can be seen, 88% of the selected vertices con
tain some B lifetime information. 

Vertex track origin Fraction 
Direct 6 decay only 22% 
6 -> c decay only 23% 
6 and 6 -+ c decays 35% 
Mixed, including 6 or 6 -> c 8% 
Direct c decay only 9% 
Other mixtures 3% 

For those vertices containing only tracks from direct 6 decay, the measured 
decay length reproduces the true B vertex position with a resolution of 275 /im. 
Vertices containing tracks from cascade 6 -4- c decay have considerably longer 
measured decay lengths. The B lifetime is extracted from the measured distribu
tion of vertex decay lengths by means of a maximum likelihood comparison of the 
data to the Monte Carlo, shown below. We obtain 

T6 = 1.577 ±0.032(stat)±0.046(syst) ps. 
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3.3 B Lifetime Systematic Errors 

Systematic errors for the two B lifetime analyses are presented in the following 
table. The vertex analysis has clearly superseded the impact parameter analysis. 

T(, systematic errors Impact CSTI/T), Vertex Su/u 
Track resolution 
Track efficiency 
Rt and Rc 

b fragmentation 
c fragmentation 
B multiplicity 
B -4 D fractions 
B baryon fraction 

1.4% 
0.9 % • 
2.8% 
2.9% 
0.4% 
1.9% 
1.3% 
2.0% 

0.8% 

2.4% 
0.2% 
0.4% 
1.1% 
0.2% 

Overall 5.3% 2.8% 

4 Left-Right Forward-Backward Asymmetry 

Measurements of fermion asymmetries at the Z° resonance probe a combination of 
the vector and axial vector couplings of the Z° to fermions, Af = 2u/a//(i^+aJ). 
The parameters Af express the extent of parity violation at the Zff vertex and 
provide sensitive tests of the Standard Model. The parameter At is particularly 
interesting theoretically, since it is sensitive at the 1% level to electroweak radia
tive corrections to the Zbb vertex but insensitive to propagator corrections which 
modify the weak mixing angle sin26V. 

The Born-level differential cross section for the reaction e +e~ -» Z° -> ff is 

•£%-? oc (i _ AePt){\ + cos20) + 2A,{At - Pe) cosfl, (1) 
u COS v 

6 = fermion direction relative to electron beam 

Pc = electron beam polarization (L, R = -1 , +1). 



The parameter Aj can be isolated by forming the left-right forward-backward 
asymmetry: 

A1 (coa 6) = [g£(cosfl) - g{(-cosO)] - [^(cosg) - g&(-cosfl)] . 
" [oi(c08tf) + o£(-OOB«)] + [<»4(cOsfl) + o4(-COBtf)] V ' 

i n I A ( 2COS0 "\ .„. 

The analysis begins by selecting Z" -+ 66 events and determining the 6 and 
6 quark directions. Two complementary techniques are used: 

1. A "jet charge" analysis separates 66 events into two thrust axis hemispheres, 
then identifies the 6 and 6 quarks by means of a momentum-weighted sum 
over charged tracks. 

2. A lepton analysis selects events containing semileptonic 6 or 6 decays, then 
identifies the parent 6 or 6 quark by means of the lepton charge. 

Events are then classified as "left" or "right" according to the polarization 
of the electron beam and "forward" or "backward" according to the direction of 
the 6 quark with respect to the electron beam. The left-right forward-backward 
asymmetry is formed. At is extracted by comparing the observed asymmetry 
to the theoretical prediction, using a Monte Carlo simulation to determine and 
correct for the analyzing power of the technique. 

4.1 Je t Charge Analysis 

Z° -> 66 events are selected by requiring three tracks with impact parameter 
> 3 sigma, as in the Rt analysis. The event thrust axis, formed from all calorimeter 
energy clusters, is used as an estimate of the 6 and 6 quark directions. The jet 
charge is formed by summing over selected charged tracks: 

QP = SQtT < Kk \p• T[Ksign [p-T), K = 1/2 . 

A negative jet charge thus associates the 6 quark with the forward thrust axis 
direction. The distribution of jet charge in the data is well-reproduced by the 
Monte Carlo, as shown below. 
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The angular distributions for L and R polarized events exhibit clear forward-
backward asymmetries, even before the left-right subtraction. 
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The experimental left-right forward-backward asymmetry is formed as a func
tion of cos0 according to Eq. (2). The sign for each event in the asymmetry sum 
is given by the product of the event polarization and the jet charge. 

The experimental asymmetry must be corrected for various dilution effects, 
including the event tag purity, thrust axis smearing, and the analyzing power 
of the jet charge technique. These corrections are determined from the Monte 
Carlo simulation. The jet charge analyzing power requires the largest correction— 
signing the 6 quark correctly 70% of the time gives an analyzing power of 40%. 

The parameter Ab is extracted from the corrected experimental asymmetry by 
fitting to the theoretical asymmetry of Eq. (3). We obtain 

Ab = 0.93 ± 0.13(stat) ± 0.13(syst). 

The systematic error is dominated by the Monte Carlo model of the b-tag and 
the B hadron decay model. 

Jet charge systematic errors 5Ab/Ab 

6-tag modeling 10% 
Tracking efficiency 4 % 
Thrust axis resolution 2 % 
Monte Carlo statistics 5 % 
B decay model 7% 
b fragmentation 2 % 
B" - B" mixing 1% 
Polarization 2 % 
Overall 14% 

4.2 Lepton Analysis 

This analysis selects Z° -+ 6b events with semileptonic 6 decays. Electrons are 
identified in the Liquid Argon Calorimeter by requiring agreement between the 
track momentum and the calorimeter electromagnetic energy, little or no calorime
ter hadronic energy, and a reasonable front/back electromagnetic energy ratio. 
Muons are identified in the Warm Iron Calorimeter by comparing hits in the WIC 
with the extrapolated track, and taking track extrapolation errors and multiple 
scattering into account. 
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A simple analysis selects leptons with very high momentum and transverse 
momentum with respect to the jet axis, forms the experimental left-right forward-
backward asymmetry, corrects for dilution effects, and extracts At- A more so
phisticated analysis extracts At, and Ac from a broader sample of leptons, using a 
maximum likelihood fit of the identified leptons to the theoretical cross-section. 

The simple high {p,Pt} analysis selects a clean sample of leptons from direct 
b decay by applying an elliptical cut on momentum and transverse momentum— 
(p/18)2 + (p ( / l . l ) 2 > 1 for muons and (p/14)2 + (p„/1.0)2 > 1 for electrons. 
Roughly half of all leptons from direct 6 decay pass these high {p,Pt} cuts. The 
selected lepton sample, consisting of 613 electrons and 576 muons, is 70% pure 
(direct 6 decay). 

The experimental left-right forward-backward asymmetry is formed as a func
tion of cos 6 according to Eq. (2). The sign for each event in the asymmetry sum is 
given by the product of the event polarization and the 6 quark direction, which in 
turn is given by the jet direction and the lepton charge. The observed asymmetry 
is shown below. 

_ Electrons 

j I i L 
0 . 4 0 . 6 

| cos9 je t | 

The Monte Carlo is used to estimate the composition of the lepton sample, 
determining the contributions to the observed asymmetry from all lepton sources 
and backgrounds. 



Lepton source Asymmetry fx fraction e fraction 
6->-/ ( l - 2 x M i 73% 69% 
6-» c - 4 / -{l-2x)Ab 6% 7% 
6-» c - » / ( 1 - 2 x ^ 6 1% 1% 
c->l ->lc 7% 8% 
Hadron -)• I •^j/t, 2% 2% 
Misidentified / •dutj 11% 13% 

The maximum likelihood analysis replaces the hard lepton {p,pi} cut and 
subsequent Monte Carlo categorization of lepton sources with an event-by-event, 
momentum dependent estimate of the lepton source probabilities. This analysis 
gives a result consistent with the simple high {p,Pt} analysis and is used for the 
final determination of A\, and Ae. 

The likelihood function contains the following probability term for each lepton 
in the data: 

P{PlPt, P„Q,cose; Ah,Ac) oc 1 + ( £ z £ ) ( = g « J ) 

X { h (1 - 2x) [1 + A$, c c(cos0)] Ab - / C [1 + A£ C B(cos0)] Ac + fbkg Ahkg } . 

The three signs governing the asymmetry—beam polarization Pt, lepton charge 
Q, and jet direction cos 0—are incorporated automatically into the maximum like
lihood probability function. The lepton source fractions (ft, fe, fbkg) are derived 
by counting leptons in the MC with similar p and pt to each lepton in the data. 
The ft, term combines direct and cascade 6-quark decays, signed according to 
their asymmetry contributions. A correction factor (1 — 2x) is applied to all 
b-quark lepton sources to account for asymmetry dilution due to B°B° mixing, 
with x — 0.12 taken from LEP measurements of the average mixing in Z° -» 66 
events. The background asymmetry Abk3 is derived as a function of p and pt from 
tracks in the data not identified as leptons. A QCD correction factor is applied to 
the theoretical asymmetry function to incorporate known QCD corrections to the 
cross section. The QCD correction is as large as 5% at cos 0=0 and its inclusion 
decreases the asymmetry by 3% overall. 
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The final maximum likelihood results are as follows: 

muons: 

electrons: 

combined: 

Ah = 0.94 ± 0.20(stat) ± 0.10(syst) 

Ae = 0.42 ± 0.29(stat) ± 0.18(syst) 

At, = 0.92 ± 0.19(stat) ± 0.12(syst) 

Ac = 0.37 ± 0.37(stat) ± 0.31(syst) 

Ab = 0.93 ± 0.14(stat) ± 0.09(syst) 

Ae = 0.40 ± 0.23(stat) ± 0.20(syst). 

Systematic errors have been estimated for a number of sources, summarized 
in the following table. 

Source SAb((t) SAb(e) SAcdi) SAc(e) 
Monte Carlo weights 0.04 0.08 0.08 0.18 
Track efficiency 0.01 0.02 0.01 0.01 
Jet axis simulation 0.06 0.04 0.06 0.13 
Background level 0.02 0.01 0.03 0.01 
Background asymmetry 0.01 0.01 0.03 0.09 
BR(Z° -> 66) 0.01 0.00 0.00 0.00 
BR(Z° -> cc) 0.01 0.00 0,03 0.03 
B^jB" lepton spectrum 0.02 0.05 0.12 0.14 
B, lepton spectrum 0.03 0.02 0.05 0.05 
Ab lepton spectrum 0.01 0.01 0.02 0.03 
D lepton spectrum 0.02 0.02 0.04 0.10 
Polarization 0.02 0.02 0.01 0.01 
Second order QCD 0.01 0.01 0.04 0.04 
B mixing x 0.03 0.03 0.00 0.00 
Total 0.10 0.12 0.18 0.31 
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ABSTRACT 

The four LEP experiments each recorded about two million hadronic 
Z decays in the years 1990-1993. These provide access to a wide variety 
of topics in heavy quark physics, ranging from precise measurements 
in the electroweak sector to analyses involving specific decay modes 
with relatively small branching ratios. Results on the Z partial widths 
to heavy quarks, forward-backward asymmetries, B°B^ mixing, and 
the lifetimes of different b hadrons are presented here. In addition, 
some examples are given of measurements which are both interesting 
in their own right and which can lead to a reduction in the systematic 
uncertainties in other heavy flavor analyses. 
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1 Introduction 
Each of the LEP experiments has observed about two million hadronic Z decays 
between 1990 and 1993. Roughly two-fifths of these decays are via a cc or bb 
pair. The aim of this review is to give an impression of the scope of the analyses 
possible with these large samples of heavy quark events. 

Decays of the Z to heavy quarks can be identified in several ways. The presence 
of electrons or muons in the final state with high momentum, p, due to the large 
boost of the b or c hadrons, and for bb" events in particular with high transverse 
momentum with respect to the accompanying jet, pr, are a well-known tag for 
heavy flavor events. The (partial) reconstruction of a heavy hadron is also used 
in many analyses, as will be seen throughout this review, and some use has been 
made at LEP of the characteristic differences in event shapes between heavy and 
light quark events. However, the most powerful tool for tagging heavy quark 
events relies on the long lifetimes of b and c hadrons. Combined with the typical 
boosts, this leads to decay lengths of a few millimeters. ALEPH, DELPHI, and 
OPAL have had silicon microvertex detectors since 1991, which can resolve these 
distances. Tagging algorithms are based either on the significant impact parameter 
(distance of closest approach of the track to the primary vertex) of several tracks 
in the event, or on a reconstructed secondary vertex significantly displaced from 
the primary vertex^ An example is given in Fig. 1, and the relevant properties for 
b hadrons, compared with D° and D + mesons, are given in Table 1. 

B D+ D° 
Lifetime (ps) 1.6 1.0 0.4 
(xE) 0.7 0.5 0.5 
Charged multiplicity 5.5 2.2 2.2 

Table 1: Properties of b hadrons and of D° and D + mesons, {XE) is the mean 
hadron energy divided by the beam energy. 

In Sec. 2, measurements of the properties of Z decay to heavy quarks are 
discussed. The following sections describe the mean lifetimes of different b hadrons 
and investigations of B°B° mixing. Finally, a few examples of analyses which are 
relevant to reducing the systematic uncertainties in the previous results are given. 

2 Electroweak Measurements 

2.1 Partial Widths and Asymmetries 
In the Standard Model, radiative corrections to the process e +e~ -* Z -4 / / due 
to the propagator depend on the top quark mass squared, M&p, and logarith
mically on the Higgs boson mass, log(MHiggs)- However, there are unique vertex 
corrections for the process Z -> bb, which also depend on M£ p , but are almost 
independent of Afmggj. In the ratio of partial widths, Rb = T^/Th^, the propaga
tor terms cancel, so that this gives a measure of M^p from the vertex corrections, 
independent of Mniggs- The variations in Rb for 50 & M t o p £ 250 GeV are of the 
order of 1%. In contrast, the other ratios, including Re = Tcc/Th^d, are expected 
to be almost independent of Mu,p. The partial widths are measured by counting 
the fraction of hadronic Z decays with a heavy quark tag and correcting for the 
efficiency and purity of the tagging method. This introduces systematic uncer
tainties, for example, due to branching ratios and the detection efficiencies. These 
uncertainties are much reduced using double-tagging methods (see Sec. 2.2). 

The forward-backward asymmetry is defined by A'FB = (crp —CTB )lifv +0B )> 
where ay and OB are the cross sections for the outgoing fermion, / , to go 
forwards or backwards relative to the direction of the incoming electron. To a 
good approximation, the differential cross section has the form:1 

_ ^ _ K i + c o s 2 e + 8 _ A ^ c o s 0 ) ( 1 ) 

where 6 is the angle between the electron and fermion directions, and in practice, 
this expression defines the asymmetry for heavy flavor measurements. When the 
center-of-mass energy, -^s, is equal to Mz, then AFB is related to the fermion 
vector and axial-vector couplings, Vf and a/, by 

o 
ATB w A?°B = -AeAf where Aj = 2vfaf/(v} + a}). (2) 

Small corrections2 are applied to the observed asymmetry to derive the "pole" 
asymmetry, AFB. The asymmetry varies with center-of-mass energy around -y/s = 
Mz as a result of Z-photon interference. 

The quark direction is estimated from the thrust axis. Some charge tag must 
be used to decide the direction of the quark and the antiquark, such as a final 
state lepton, a D meson, or a more inclusive "jet-charge" measure (see Sec. 2.5). 



The effect of B°W> mixing is to reduce the observed bE asymmetry by a factor of 
(1 — 2x), where x is the time-integrated probability that a produced B° decays as 
aB*.* 

2.2 Double-Tagging Methods 
The most precise measurements of R b use double-tagging methods based on count
ing the number of tagged hemispheres, Nt, and the number of events with two 
tagged hemispheres, N,t, when the event is divided into two halves by a plane 
perpendicular to the thrust axis. These numbers are approximately given by: 

Nt « 2AThadRbeb, (3) 

Nu » i V L i W , (4) 

where e b is the b-quark tagging efficiency per hemisphere, and N^ is the total 
number of hadronic Z decays. This pair of equations can be solved for the two 
unknowns, R b and e b, so that the b tagging efficiency is measured from the data. 
This avoids the need to evaluate the tagging efficiency of the algorithm used from 
Monte Carlo simulation and the associated systematic errors. 

In reality, the situation is complicated by the presence of non-bE backgrounds, 
and from correlations in the tagging efficiency between hemispheres. Equations 3 
and 4 become: 

N, = 2iV h l d(R be b + R.6,: + (1 - R b - R^eud,), (5) 

JV« = iV h ld(Rb«b 2Pb + RefeVc + (1 - Rb - RcKdsVuds) . (6) 

Here, e c and eUd$ are the tagging efficiencies per hemisphere for charm and light 
flavors, respectively. Equations 5 and 6 can still be solved for the efficiency <rb 

and for the desired quantity R b as before, but the correlations for each flavor, 
Pb. Pc, pud», and the tagging efficiencies, ec, € u d „ must be estimated from Monte 
Carlo simulation. To reduce the associated systematic uncertainties, analyses are 
designed such that e b 3> ec » euds and p b « 1. Typical efficiency values are 
e b = 25% and e c = 1%, with a b-purity of around 95% per hemisphere. The 
tagging algorithm is usually tuned to minimize the overall error from combining 
statistical and systematic uncertainties. 

'The symbol B" is used in this note to refer to a BJJ or Bj meson. 
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Decoy Length Significance l / o i 

Figure 1: Decay length significance distributions from OPAL data (points) and 
Monte Carlo (solid). The light flavor contribution is indicated (dotted). 

v s 
|g,0O 
eo 
§700 

' 
0°->Kn 

^600 
•5 

! • 

500 : 
400 : 
300 

200 h v *̂ 
100 

0 r 

DELPHI 91-93 
•, 900 

s 
£jioo 
S>700 

0.14 0.15 0.16 0.17 

<"W« (CeV/c') 
0.14 0.15 0.16 0.17 

Figure 2: Mass difference distributions from DELPHI, for two D° decay modes, 
in events where the D* candidate has XB > 0.25. 



The dominant systematic uncertainties arise from the knowledge of the charm 
background and the correlation between the hemispheres, and are listed here: 

• Understanding of the modeling of the detector resolution directly affects the 
value of ec measured from a Monte Carlo simulation. 

• The value of R^ must be either taken from experiment or assumed to have 
its Standard Model value, which is nearly independent of Mtop and Mmggs-

• There are experimental uncertainties in the lifetimes of charm hadrons. 

• Since the D + lifetime is about 2.5 times longer than the D° lifetime (see 
Table 1), the relative fractions of different charm hadrons produced in Z -* cc 
are a further source of uncertainty. 

• The tagging efficiency for charm events is strongly affected by the charged 
multiplicity of charm hadron decays. 

• The b-hadron momenta are correlated between hemispheres, and the presence 
of a hard gluon may result in the b and b being in the same hemisphere. 

• If the beam spot position or the error on its position are incorrect, this 
introduces correlations between the apparent lifetimes in each hemisphere. 

• Efficiency variations intrinsic to a detector, such as back-to-back holes, also 
introduce a correlation.-

In the context of systematic errors, it should be emphasized that bb and cc pairs 
produced from gluon splitting are not included in the definition of r b b- or rcc-

The lifetime tagging methods dominate.3"5 The tagging efficiency can be im
proved by also allowing an identified high p, px lepton to tag a hemisphere. Tag
ging methods based on event shapes have also been used to measure Rb.6'7 

2.3 Lepton-Fit Measurements 

The first measurements of Rb at LEP used lepton p and pr distributions to dis
tinguish their different origins. These methods have continued to evolve.8"11 The 
lepton fit analyses additionally provide information on the semileptonic branching 
ratio Br(b -»t) by analogy with the double-tagging method, assuming the lepton-
identification efficiency is known. The analyses can be extended to measure Re, 
the branching ratio Br(b ->• c -» £), and (XB) for b and c hadrons. 
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If the lepton charge is also considered, ApB, ApB, and time-integrated mix
ing can also be probed.8-1 0"1 2 The dominant uncertainties in these analyses are 
from understanding the lepton identification, modeling of the semileptonic decay 
(especially the lepton momentum spectrum in the hadron rest frame), and those 
semileptonic branching ratios which are not directly measured. The parameters 
measured in the same fit are often highly correlated, which must be taken into 
account when combining them with other results. 

2.4 Measurements Involving Charm Mesons 

Reconstructed charm mesons have been used to measure R,.1 3'1 4 and . i4 F B . 1 5 " 1 7 The 
dominant systematic errors for R^ arise from uncertainties in the meson production 
and decay branching ratios, while the ApB measurements are statistics limited. 

The decay D 4 ± -+ D°7r is readily identifiable due to the small mass difference of 
about 145 MeV between the D* and D°. The D° is identified by its decays to K""TT+, 
K-7r+7r°, or K~it+ir~n+, and the D° candidate combined with an additional pion. 
An example of the signal in the mass difference is shown in Fig. 2. To clean up the 
signal, one can use the track ionization, dE/dx, to distinguish pions from kaons 
or require that the D° tracks come from the same vertex. The angle between the 
K~ and the D° flight direction in the D° rest frame also distinguishes signal and 
background, because the D° decay is isotropic, while combinatorial background 
tends to be forward or backward peaked. 

Just as leptons from bb and cc events are separated on a statistical basis 
according to their p and pr, D* mesons can be separated according to their XE-
Lifetime, lepton, and event-shape information have also been used. 

2.5 Jet-Charge Asymmetry Measurements 

The b and c quarks can be selected by lifetime, lepton, or D-meson tags. Although 
a lifetime tag has no intrinsic charge properties, quark and antiquark can be 
distinguished by using a jet-charge measure, 1 8 , 1 9 Qj c t, with definitions such as: 

«•-?•(£)" - *-%gfc "> 
The sum is over charged tracks, i, with charge ?,• and longitudinal momentum 
components with respect to the jet p'. The value of K is tuned to give the best 
correspondence between Qj<.t and the quark charge. 



2.6 LEP Combined Results 
A combined fit to LEP electroweak heavy quark results is motivated by the sig
nificant common systematic uncertainties for Rb, the problems of combining the 
lepton multiparameter fit results, and wanting to know the covariance matrix 
relating the average parameters.2 To this end, a x2 of the form 

y 

was minimized. Here, the <S; are the differences between measurement i and the 
LEP average value for the parameter corresponding to measurement», and Vy 
is the covariance matrix relating all the measurements. This matrix takes into 
account the covariance matrices of the lepton fits and off-diagonal terms arising 
from common systematic errors. The LEP experiments provide the small correc
tions necessary to use an agreed set of common input parameters, and explicit 
dependences of the electroweak parameters on each other are included. This is 
particularly important for the dependence of Rb on Re. After being combined, 
the asymmetries are corrected to give the pole asymmetries. 

The input values from the experiments and the LEP average results are shown 
in Figs. 3, 4, 5, 7, and 8. The results for the partial widths are compared with the 
Standard Model prediction in Fig. 6, and the asymmetry measurements, including 
the measurements of the asymmetry off-peak, in Fig. 9. The measured value of 
Rb tends to favor a lower value of the top quark mass than other electroweak 
measurements, while there is, in general, good agreement with the Standard Model 
prediction for the asymmetries. The LEP combined results are: 

0.2202 ±0.0020, 
0.1583 ±0.0098, 
0.0967 ±0.0038, 
0.0760 ±0.0091. 

The correlations between the parameters are less than or of the order of 10%, 
apart from the correlation between Rb and Re, which is about —40%. If Re is 
fixed to its Standard Model value of 0.171, then the value of Rb becomes: 

Rb(Rc = 0.171) = 0.2192 ± 0.0018. 

Rb 

Re 

Ac 0 
•™FB 
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Figure 3: Measurements of Rb at LEP. Only the average value of Rb from multi

parameter lepton fits is shown here. 
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Figure 4: Measurements of Rb from multiparameter lepton fits at LEP. 
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3 Lifetimes of b Hadrons 
In the naive spectator model, the lifetimes of the B°, B~, B°, and Ab hadrons 
are equal, depending only on the weak decay of the b quark. This expectation 
is modified by processes including W exchange and annihilation, and final state 
quark interference. From a l/Afj, expansion,20 it is possible to predict the ratios 
of b-hadron lifetimes: 

T ( B - ) / T ( B 8 ) « 1.05, 

r(B»)/r(B8) « 1, 
T(A„)/T(B3) « 0.9. 

The measurements of the average lifetime of a particular b hadron all follow 
roughly the same prescription: 

• Select a sample of candidate events by (semi)exclusive reconstruction of par
ticular decay modes of the desired hadron. 

• Reconstruct the primary and secondary vertices, and estimate the b-hadron 
decay length, L. 

• Estimate the boost of the b hadron in order to convert the decay length into 
a proper time, t = L/fiyc = LMs/cps, where MB and ps are the b-hadron 
mass and momentum, respectively. 

• Perform an event-by-event likelihood fit to the distribution of proper times 
with the average lifetime as a free parameter. 

The method for measuring the B° lifetime is presented first, which introduces 
many of the features common to all the lifetime analyses. This will be followed 
by brief descriptions of the Ab, B|}, and B + measurements. 

3.1 B° Lifetime 
ALEPH,2 1 DELPHI,2 2 and OPAL2 3 have measured the B° lifetime using the fol
lowing semileptonic decay chains:! 

BS° -> vrP-vx B° -> vrPvx 
L-> 07T- W K*°K-

1-4 K+K- L4 K+7r-. 

Tin general, charge-conjugate decay chains are implied throughout this paper. 



These offer a reasonable brandling ratio and good signal to background, and so 
are suitable for a lifetime analysis. A schematic picture of such a decay is shown 
in Pig. 10. The D s is reconstructed from three charged tracks, the K + , K~, and TT~ 

,'L =3 mm ±300 urn 
primary vertex , ' 

Figure 10: Schematic B, decay. 

candidates. These tracks may be required to pass requirements on dE/dx in order 
to improve the K/?r separation, to form a good vertex, and to satisfy kinematic 
requirements analogous to those imposed on the D* decay products (see Sec. 2.4). 
The D, candidate is then combined with an electron or muon candidate, and cuts 
are applied to the lepton p and pr. and/or to the mass of the DJ combination. The 
resulting numbers of events and the background fractions are given in Table 2, and 
an example of the signal is given in Fig. 11. The B° decay length, L, is typically 
3 mm. It is estimated by the distance from the primary to the Bj vertex, 2 1 , 2 3 or 
to the D s vertex,22 with a typical resolution of 300 /jm. The momentum of the 
B° candidate is estimated from the momentum of the Ds£ system, pot, with input 
from Monte Carlo simulations to give the distribution of possible boosts. The 
neutrino energy can be used to improve this estimate.21 

The likelihood for event i, used to fit for the average lifetime, r, can in general 
be written as: 

O = £(t\T) ® g(t\sa[) ® S(p' w), (9) 

where £ is the distribution for an exponential decay with average lifetime T, con-
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ALEPH DELPHI OPAL 
Number of events 35 ± 7 37 ± 8 55 ±10 
Background fraction 0.25 0.30 0.35 

Table 2: Sample sizes and purities for the semilcptonic B° lifetime analyses. 

voluted with a Gaussian distribution, Q, and with the expected distribution, B, of 
the Bj| momentum given p'D <. The Gaussian has mean zero and width sa\, where 
a\ is the error on the proper time, evaluated for each event, and s is an optional 
global scale factor to take into account wrongly estimated resolution effects. The 
fit result for the OPAL sample is shown in Fig. 12. 

The backgrounds are mostly from random combinations of tracks and are 
parametrized from side-bands in the D s mass distribution and/or from wrong sign 
D,£ combinations. Less than 10% of the background arises from other B meson 
decays, such as B -> D S

+DX, D -> e~vX, or B -> Ds~K£+i/X. These backgrounds 
with lifetimes are either parametrized by an additional term in the likelihood 
function or simply taken into account by assigning an additional systematic error. 
The dominant systematic errors in the measurement arise from the descriptions 
of the background and the boost estimate, and also from any possible bias in the 
fit which is assessed using Monte Carlo simulation. 

The ALEPH Collaboration has also presented a result using the general decay 
mode Bj -> D s~hX, where h represents any hadron, usually a pion.24 The method 
is very similar to that using the Ds£ decay mode, with higher statistics, but more 
combinatorial background. The dominant systematic errors in this method arise 
from understanding the relative rates of candidate events from Z -4 cc events 
compared with b -t B° -> Ds~ events. DELPHI has gone one step further 
and presented an analysis based on inclusive D s -> <f>n events, where the large 
combinatorial background leads to the dominant error.22 

All the Bj lifetime measurements are summarized in Fig. 13. Here, the results 
of measurements by the CDF Collaboration are also included.25 These are of 
similar precision to the measurements of the LEP Collaborations. The world 
averages take into account common sources of systematic uncertainty.26 
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Figure 11: The OPAL D, signal used in the Bj lifetime analysis. 
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Figure 13: Measurements of the B° lifetime. 
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3.2 Lifetimes of b Baryons 
Several methods have been used to measure the lifetimes of b baryons. A sample 
of Ab events can be selected from the decay: 

Ab -> Ac+rPX 
U pK-ff+. 

This is analyzed in just the same way as B° -» T>,~t+vX. The choice of p, K, 
and n candidates can be improved using dE/dx requirements, with cuts on the 
mass of the Act system to clean up the sample. The Ab boost is estimated from 
the momentum of the AJ system. Results have been presented by ALEPH2 7 and 
DELPHI2 8 using this technique. 

e or (1 

Aj vertex 
(not resolved) W, - ' K ( > w c m ) 

L(Ab)»3mra±450um,/' / 

primary vertex 

Figure 15: A schematic Ab decay. 

A final state A associated with a charged lepton is a more general b-baryon 
tag, from decays such as: 

A b -> h*l-i>X Eg -> S+£-PX 
<-> AX ^ AX 

*-4 p7T~ L-> p7T~. 
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A A associated with a negative lepton is consistent with coming from a b-
baryon decay.* Wrong sign combinations, i.e., A(+, give an estimate of the back
ground coming from a genuine fragmentation A wrongly associated with a lepton 
or associated with a fake lepton candidate. An example is shown in Fig. 14. The 
side-bands of the A mass plot also give an estimate of the combinatorial back
ground in the A signal. Backgrounds with lifetime content from physics processes 
are small. 

A schematic event picture is shown in Fig. 15. The A often flies tens of 
centimeters before decaying, so that the resolution of the decay length varies 
strongly event-by-event. OPAL2 9 reconstructs the Ab vertex from the At only, 
with an average resolution of about 450 ftm. DELPHI2 8 requires an additional 
badron to be associated to the vertex, which helps to improve the resolution to 
typically 300 /»m. A likelihood fit to the decay length distribution of right and 
wrong sign events (and to side-band events28) gives a measurement of the Ab 
lifetime. The dominant errors come from the unknown Ab polarization (which 
affects the distribution of the decay products), from the estimate of the boost and 
from the modeling of backgrounds. 

The AC samples have also been used to select leptons from a b-baryon decay 
to be used in an impact parameter analysis by ALEPH3 0 and OPAL.29 The leptoa 
impact parameter, 6,'is defined as the distanced closest approach of the lepton 
track to the primary vertex, signed according to whether the lepton intersects the 
accompanying jet downstream (positive) or upstream of the primary vertex. This 
is indicated in Fig. 15. A fit to the impact parameter distribution is made. The 
particle decays are modeled by Monte Carlo simulation using the resolution mea
sured directly from the data. The contribution of background is again controlled 
by simultaneously fitting the wrong sign sample. The fit to the ALEPH sample is 
shown in Fig. 16. The Ab polarization is again a major source of uncertainty. The 
method is also sensitive to understanding the lepton identification schemes and to 
the modeling of background. The large statistical correlation between the OPAL 
decay length and impact parameter measurements has been taken into account to 
produce the combined OPAL number. 

DELPHI has in addition attempted a more general muon-proton measurement 
of the b-baryon lifetime.28 A proton sample is selected using the RICH detector, 

tit is expected that more Ab than Eg or Hf are produced, and from now on, the symbol Ab will 
also be used to denote the general b baryon. 
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Figure 17: Measurements of the Ab lifetime. 
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and /ip correlations are used in a similar way to A£ correlations above. The 
background is controlled by using tagged kaon or pion samples. 

A summary of measurements of the b-baryon lifetimes is given in Fig. 17 (Ref. 31). 

3.3 B§ and B+ Lifetimes 

Conceptually, the most straightforward measurement of any b-hadron lifetime uses 
fully reconstructed decays, where the decay length and boost are unambiguously 
defined from data. The problem is the lack of statistics. In the case of Bjj and B + 

decays, ALEPH has used this technique, with the following decays: 3 2 

B+ -> D 5 7r+/ / j + / a i + 

B+ -> ^K+ 

BJ -+ D-7T+ 

Bjj -> D*-TT+ , D * - -> Wn~. 

Here, ip represents the 3/rj) or the ^>(2S) and is detected by its decays into e + e ~ 
or n+n~. The D° is identified in the modes D° -> K"7r +,K~7f +7r°, or K~n+p°. 
Samples of 55 B + and 59 B° candidates were found, with background fractions of 
(36 ± 9)% and (22 ± 9)%, respectively. 

ALBPH, DELPHI, and OPAL have all measured the Bjj and B+ lifetimes from 
samples of events with a D meson and a lepton in the final s t a te : 3 3 " 3 5 

1. D°£- where D° -» K _ 7 r + with a D* veto. 

2. D+£" where D+ -+ K _ 7r + j r + (only for the DELPHI and OPAL analyses). 

3. D*+£~ where D*+ -> D°7T+ and D° -+ K-Tr+fa 0) or K-7r + 7r7f + . 

The samples are cleaned up with the usual techniques: dE/dx for K/n separation, 
B and D vertex reconstruction, and decay kinematics consistent with the spin 
properties and a D ^ £ mass consistent with coming from a B meson. These 
samples can be used to measure the B§ and B + lifetimes simultaneously because 
these two mesons constitute different fractions of each selection. The decays B + -> 
D ° £ + X and Bj} -> D~£+X contribute uniquely to categories 1 and 2, respectively. 
The branching ratios of charged and neutral D* mesons then play a significant 
role: 

Br(D*(2010) ± - • D 0 ^ ) = 55% 



Br(D*(2010)± -> D ±(TT 0 or 7)) = 45% 

Br(D*(2007)°-f D°(7r° or 7)) = 100%. 

This means that B + -4 D^f+X can only result in category 1 events, while Bj -4 
D*~£+X can contribute to all three samples. The picture is made slightly more 
complicated because the B mesons can decay to higher spin charmed mesons 
(denoted D**), and the D**° is sufficiently massive to decay to a charged or neutral 
D<*>. 

The fractions of B ' and B + mesons in each category, as a function of the 
decay proper time, depend on the average lifetimes of the Bj and B + , the relative 
rates of B meson decay to different charm meson spin states, and the relative 
fractions of D and D* mesons in D** decays. Measured branching ratios and 
isospin arguments are used to derive the expected proportions of Bjj and B + 

contributing to each sample. A combined fit for the B|j and B + lifetimes can then 
be performed. The combinatorial background is controlled using side-bands in the 
D mass distributions, and backgrounds with lifetime content from other physics 
processes are expected to contribute less than 5% of the events. The dominant 
systematic errors come from the modeling of the combinatorial background, and 
from the lack of knowledge of the D* fraction in D** decays. 

The measurements of the Bjj and B + lifetimes are given in Fig. 18. A re
sult from DELPHI using inclusive secondary vertices with a well-defined charge38 

and results from CDF 3 7 ' 3 8 are also shown. When the two lifetimes are measured 
simultaneously, many of the errors cancel in the ratio, which is shown in Fig. 19. 

3.4 Summary of Lifetime Measurements 

The world average lifetimes of the accessible b hadrons have been presented in 
the previous sections. By way of summary, ratios of these average values are 
given in Fig. 20, where they are compared with the theoretical expectation.20 

The sensitivity of the measurements is still too poor to draw any firm conclusions, 
although the Ab lifetime has a definite tendency to be lower than the B meson 
lifetimes. These lifetime measurements are all statistics limited. Many of the 
dominant systematic uncertainties are also statistics limited. In the future, the 
background properties will be better constrained by data, and input numbers 
which are at present a source of uncertainty are beginning to be measured at 
LEP. Examples of such measurements are given in Sec. 5. 
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Figure 18: Measurements of the Bjj and B + lifetimes. 
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4 Time-Dependent B Mixing 
The possibility that a neutral meson may transform into its own antiparticle was 
first recognized for neutral kaons and has since been observed for neutral B mesons. 
In the Standard Model, the relevant Feynman diagrams for this process are shown 
in Fig. 21. The dominant diagrams are those involving the top quark in the loops; 
the rate of mixing is proportional to M£,p and to the product of CKM matrix 
elements IKxKbli where x is d or s. 3 9 

AAAA 

W W 

Figure 21: The box diagrams responsible for B°W mixing (x represents d or s). 

The CP eigenstates, Bi and B2, are equivalent to the mass eigenstates if CP 
is conserved. They can be written as: 

B, = -J=(B" + W), B 2 = -L(B° - W). (10) 

Similarly, the flavor eigenstates can be written in terms of the mass eigenstates. 
If a B° is produced at the proper time t = 0, the probabilities for having a B° 
or W at proper time t are given by the respective amplitudes squared. The time 
dependence of the amplitudes of the mass eigenstates is given by the Schrodinger 
equation. The resulting probabilities are: 

P(B°,rt = J-e-''TB(l+cosAmt), (11) 
2TB 

V(W,t) = ^ " ' ' ^ ( l - c o s Ami), ( 1 2 ) 

where the mass difference is Am = mi — m2, and TB = 1/r is the average lifetime 
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of the B° and B°".§ The number of observed B° and B 5 decays oscillates as a 
function of proper time, within the usual exponential decay. The rate of mixing is 
often discussed in terms of a; = Am/T, which is 2ir times the number of oscillations 
per average lifetime. 

The first observations of B°B°" mixing were of the time-integrated probability 
that a produced B° decays as a B°, given by: 

X s V(B° decays as F ) = 5 j - j j - ^ . (13) 

At LEP, the effective value of x depends on the relative fractions of Bjj and Bj, 
denoted /d and /„, and the time-integrated mixing for these two*neutral mesons, 
Xd and x»i respectively: 

X = hXi + hXs-

Results for x a re shown in Fig. 22. The effective fractions are different for lepton-
jet-charge measurements and lepton-lepton measurements, and the jet-charge 
measurements were therefore not included in the LEP average.40 Measurements 
from pp colliders are also given in this figure. 

Experiments at LEP have been able to observe directly the time structure 
of the mixing phenomenon for B mesons for the first time. A measurement of 
time-dependent mixing might proceed as follows: 

• Select a sample enriched in Bjj or Bj mesons. 

o Measure the B° decay length and boost to determine the proper time of the 
decay, t = L/Pyc. 

• Identify the B°/B°" flavor at production and decay. 

0 Perform a fit as a function of proper time for the ratio, R, or asymmetry, A, 
of the numbers of mixed and unmixed events, Nm\x and 7Vunmix, respectively: 

R = NmU/{Nm;x + Nmmix) 
A- = (-"unmix ^'mix)/(4-'"mix "r i V u n m i x ) . 

This fit should take into account the probability of each event to be signal 
or background. 

'Any difference in the widths Fj and r 2 , which would arise from common final states of B° and 
B°, have been neglected. 
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B° Mixing Probability 

ALEPH 90 Qj 1* 
DELPHI 92 Qjl* 

DELPHI 92 A1' 
OPAL 91 1*1* 

DELPHI 92 1*1* 
L3 93 1*1* 

ALEPH 93 1*1* 
LEP average 

UA1 89 1*1* 
CDF 89 1* I* 

DO 93 1*1* 
World average 

**•*-" o""u""u 

0.113 ±0.018 ±0.027 
0.144 ± 0.014 2JJ,1/ 

0.129 • " £ ± 0 . 0 4 4 * 
0.143 •0.021 ±0.007* 
0.121 ±0.016 ±0.006" 
0.12S ±0.011 ±0 .008' 
0.106 ± 0.007 ^ M 

0.119 ±0.009 

0.148 ±0.029 ±0.017 
0;i76± 0.031 ±0.032 
0.140 ±0.030 ±0.060° 
0.122 ±0.008 

03, Preliminary 
Common tys 0.004 

Figure 22: Measurements of time-integrated mixing. 

B°d Mass Difference 

ALEPH 93 r l * 
ALEPH 93 D'*r,Qj 

DELPHI 921*1* 
DELPHI 93 l*,K*,Qj 

DELPHI 93 D ' + ( O Q j 

OPAL 931*1* 
OPAL 93 D'* 1" 

OPALWD'M-Qj 
LEP average 

Y(4S)(t-integ) 
World average 

x'/nit-OA 
' Common sjrs 0.06 °' 2 

All common sys 0.01 

0.44 ± 0.05 £ " " ' 
0.497 ±0.070 ±0.036° 
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•0.10 -0.10 

0.4 0.6 

Am d (ps"1) 
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037 ±0.11 ±0.02 
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0513 ±0.036 

0.453 ±0.048 ±0 .029' 
0.500 ±0.033 
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®-* * Assuming t ," 

1.57 ± 0.10 pj 

Figure 23: Measurements of Ami. 



This has many features in common with a lifetime analysis. Most of the decay 
modes considered for the lifetimes automatically provide the flavor of the decaying 
meson. The two extra ingredients are the need to know the production flavor and 
the extension of the fit to include the expected oscillatory behavior. 

4.1 Measurements of Ama 

The results of a Monte Carlo study for Bj| mixing with a D* tag are shown in 
Fig. 24. This serves to illustrate how a mixing signal is degraded by detector 
resolution, incorrect Savor tagging, and background. 

Many analyses to measure Amj have been presented: events with a D* meson 
and a lepton in the same jet have been used by OPAL41 to provide a Bjj-rich 
event sample where the flavor of the Bj| at decay is known from the tag. The 
production state of the B§ is inferred from a jet-charge measure. Similar analyses 
have employed a D* meson tag opposite a lepton 4 2 , 4 3 or opposite a jet-charge mea
sure. 4 2 ' 4 4 , 4 5 Variations on the theme include measurements of Amj from leptons 
opposite leptons 4 6 , 4 7 and leptons or charged kaons opposite leptons, charged kaons 
or a jet-charge measure,48 where the lepton or kaon is included in a reconstructed 
secondary vertex. 

The general jet charge, Qj c l , is defined in Eq. 7 but the exact choice of jet-
charge measure is tuned for each analysis. This is illustrated by the D*£ opposite 
jet-charge measurement of Amj. 4 1 Fragmentation tracks, in the same hemisphere 
as the Bj| tag, give information about whether a b or b quark was originally 
produced in this hemisphere. A value of K = 0 is chosen for all the tracks in 
this hemisphere, so that the net contribution of tracks from the B|j is identically 
zero, and the measure is insensitive to whether this is a mixed or unmixed event. 
Since b quarks in Z decays are produced in bb pairs, the tracks in the opposite 
hemisphere also carry information about the flavor of the Bjj at production. For 
the opposite hemisphere, a value of K = -1 is found to give improved charge tagging. 
Most of the information comes from the opposite hemisphere, and the combined 
jet-charge measure used in the analysis is given by: 

<?ug = Qgn* = 0) - 10C%?(K = 1). (14) 

The fraction of events where the jet-charge gives the wrong production flavor is 
a free parameter in the fit for the fraction of "like-sign" events as a function of 
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Figure 24: The asymmetry, A(L), between unmixed and mixed events for a Monte 
Carlo Bj mixing experiment, as a function (a) of the true B° decay length with 
fixed B° momentum, (b) with realistic resolution and momentum spread, (c) with 
incorrect flavor tagging for 25% of events, and (d) including backgrounds. 

Figure 25: The fraction of like-sign leptons as a function of proper time, R(t). The 
solid curve represents the expectation with Amj = 0.5 p s - 1 and Am, = 10 ps~ l. 
The dashed curve represents the prediction with no B° mixing. 



proper time, and is measured to be 0.26 ± 0.03. This is in good agreement with 
the expectation from Monte Carlo simulation. 

The measurements of Amd are summarized in Fig. 23. The time-integrated 
mixing observed in T(4S) decays has also been expressed in terms of Amd.40 The 
world average value for Amd in units of mass, and the equivalent value of x&, 
using the world average B°| lifetime, are: 

Am d = (3.29 ± 0.22) x 10 - 4eV/c 2 

x d = 0.79 ±0.07. 

4.2 Limits on Am s 

The lepton-tagged samples include contributions from all b-hadron semileptonic 
decays. A fit to the mixed fraction with two frequency components allows an 
investigation of Amj and Am,. This has been attempted with samples of events 
with two leptons 4 6 ' 4 7 and with a lepton opposite a jet-charge measure.49 An 
example from OPAL47 comparing the expectation for a given Am, with data 
is shown in Fig. 25. The negative log-likelihood difference from the minimum, 
AC, as a function of Amd and Am, from the ALEPH lepton-Iepton analysis,46 is 
shown in Fig. 26. It is not possible to distinguish between high values of Am,, 
because the high-frequency oscillations are not resolvable. In other words, all high 
frequencies above some value are equally likely. However, it is possible to set a 
limit excluding low values of Am,. 

Limits have been set in as many ways as there are analyses, and all are to 
some extent based on a Monte Carlo technique. For the ALEPH lepton-Iepton 
analysis, a set of Monte Carlo experiments with the same number of events as 
in the data sample are made for each value of Am, to be considered. For each 
experiment, ACo is defined as the value of AC at the true value of Am,. For 
each value of Am, considered, 5% of Monte Carlo experiments have ACo above 
some value, AJCO(5%), which would ideally be 1.92, and in practice, is close to this 
value. The log-likelihood function for the real data then allows the exclusion at 
95% C.L. of values of Am, at the point where A£ 0 = A£0(5%). In order to take 
into account the effect of systematic uncertainties, this Monte Carlo approach is 
extended to modify the limit contour46 (illustrated in Fig. 27). A similar approach 
is used by OPAL4 7 to modify the log-likelihood curve as a function of Am,. The 
ALEPH lepton-jet-charge analysis49 is based on the variable AC&, defined as the 

Figure 26: The distribution of AC for the ALEPH lepton-Iepton analysis (a) as 
a function of Am, and Amd, shown as a surface plot; (b) the same shown as a 
contour plot—the dotted contours are spaced by one unit in log-likelihood, the 
solid contours are spaced by five units, and the cross shows the minimum. 

Figure 27: The AC limit curve for the ALEPH lepton-Iepton analysis. The upper 
and lower edges of the shaded region show the limit curve with and without 
systematic errors, respectively. The resulting limit is indicated by the arrow. 



difference between the log-likelihood at the true value of Am, and as Am, -+ oo. 
The resulting 95% confidence limits for these three analyses 4 6 , 4 7 ' 4 9 are Am, > 3.9, 
1.3, and 6 p s - 1 , respectively. The effective LEP limit is therefore, from the ALEPH 
lepton-jet-charge analysis, 

Am, > 6ps _ 1 . 

This assumes a B° fraction of / , = 0.12 ± 0.04. If one also takes T(B°) = 
1.56 ± 0.14 ps and reduces the central value by one standard deviation, this limit 
corresponds to: 

x, > 8.5. 

The ratio of Am, to Amj in the Standard Model is: 4 0 

£ ? i = (1 .2±0 .1) |£ i f . (15) 
Am d

 v '\Vti\ v ' 
Combining the LEP Am, limit with the measured value of Am,j gives: 

# ^ > 1 1 . 3 , | £ | > 3.0. 
Am d IKdl 

This constraint on |Vts/Vtd| compares with a limit from the unitarity 4 0 , 5 0 of 2.9. 

5 Further Properties of Heavy Hadrons 
Several of the measurements presented so far have sources of systematic uncer
tainty which are themselves amenable to study at LEP. This section gives a few 
further examples of heavy quark measurements, some of which have a direct bear
ing on these systematic uncertainties already mentioned. 

5.1 Ab Polarization 

The quarks produced in Z decay are polarized. This polarization is expected to 
be preserved for b baryons, where in the heavy quark limit, the b-quark spin 
is decoupled from the light quark system. The Ab polarization strongly affects 
the momentum spectrum of the leptons produced in its semileptonic decay. The 
ALEPH Collaboration has attempted to measure Ab polarization51 using the decay 
chain 

A b -»• Ae+t-vX 

W ATT+X, 
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Figure 28: (a) Monte Carlo simulation of the mean charged lepton energy, and 
(b) the mean neutrino energy in the laboratory frame, as a function of Ab polar
ization. 

where the t~, A -¥ pff", and 7r+ are identified. The neutrino energy is recon
structed from the missing energy flow in the event. The expected mean energy for 
the charged lepton and neutrino are shown in Fig. 28 as a fuction of the Ab polar
ization. As would be expected from these distributions, the ratio y = {Et)/{E„) 
is a sensitive variable for measuring the Ab polarization. Comparing the value of 
y observed in data to the value expected in Monte Carlo yields a measurement of 
the polarization: 

7>Afc = -0.30±g37±0.04. 

5.2 Higher Spin States of D Mesons 

The charm meson states with orbital momentum L = 1 are often called D** or 
Dj. The predicted particles, one charged and one neutral for each spin state, and 
their allowed decay modes are: 5 2 

( 3P 0) DS(2360) -» DTT 
( :P,) 0,(2430) -> D*ir 
( 3Pi) DJ(2430)-> D*ir 
( 3P 2) D5(2460)-»D7T,D*7T 

r « 200 MeV 
T « 200 MeV 
T w 20 MeV 
r « 30 MeV. 



ALEPH DELPHI Average 
Rb** 0.159 ±0.048 ±0.031 0.17 ±0.06 ±0.03 0.164 ±0.043 
Re" 0.084 ±0.024 ±0.023 0.11 ±0.03 ±0.02 0.096 ±0.033 

Table 3: The fraction of D* mesons coming from D** decay in bb and cc events. 

The degree of mixing between the two Pi states is not known, but one is expected 
to be narrow and the other broad. Evidence for D** states in hadronic Z decays 
has been reported by ALEPH5 3 and DELPHI,13 and specifically in semileptonic 
B decays by ALEPH,54 DELPHI,13 and OPAL.55 The D " signal is found by 
combining a D or D* with an additional pion. An example is shown in Fig. 29. 
Lifetime information and XB are used to distinguish bb and cc events. Denoting 
Rb** = T(b -> D"°X -> D* +w-X)/r(b -> D*+X) and similarly Re** for cc events, 
the fractions of D* mesons expected to come from D** decay are given in Table 3. 
The observations made in semileptonic B decays are: 

• ALEPH: Di + (D*7r)NonR«onant contribute about 25% of B -» D^HuX. 

• DELPHI: The ratio D**ft//D*&/ is about 20%. 

• OPAL: 34 ± 7% of B -4 D w&/X are from narrow D** states. 

These observations reinforce the fact that a significant fraction of D** mesons are 
produced in cc events and in B-meson decay. 

5.3 Observations of B* Mesons 

The mass difference between B* and B mesons, from the decay B* -> B7, has been 
measured by the CLEO and CUSB Collaborations50 to be 46.0 ± 0.6 MeV for B0, 
and B + , and 47.0 ±2.6 MeV for B° mesons. For B* mesons produced in Z decays, 
the photon is boosted, and the laboratory frame energy £iab is & 800 MeV. The 
B* rest frame energy, EttsU is given by: 

#rest = £|ab7B(l - fa COS 8), (16) 

where 73 and fa are the boost and velocity of the B meson, and 0 is the angle 
between the B and the photon in the B* rest frame. The laboratory energy can 
be measured from the energy deposited in the electromagnetic calorimeter,56 ,57 
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Figure 29: The invariant mass of D* +JT~ combinations from DELPHI, showing 
the background parametrization (dotted). The solid curve includes the signal. 

0.02 0.O6 0.10 0.14 0.I8 0.22 
E«a(GeV) 

Figure 30: From L3, (a) the rest frame photon energy spectrum, and (b) the B* 
signal after background subtraction. 



ALEPH DELPHI L3 
AM (MeV) 45.1 ±0.6 ±0.9 45.3 ±0.4 ±0.6 
B*/(B* + B) 0.800 ±0.040 ±0.062 0.73 ±0.04 ±0.06 0.77 ±0.07 ±0.10 
D*/(D* + D) 0.53 ±0.16 0.45 ±0.06 
CL/(CL + °T) 0.32 ±0.09 ±0.08 0.33 ±0.07 ±0.07 

Table 4: Results from B* samples. AA/ denotes A/(B*) — JW(B). The measured 
value of V/(V + P) for charm mesons is also quoted for comparison. 

or by reconstructing a converted photon in the tracking detectors. 5 6 , 5 8 The ex
periments select a bb enriched sample with a lifetime or lepton tag, and perform 
inclusive B reconstruction within jets to estimate the B boost. Preliminary mea
surements of B* properties are given in Table 4. The expected fraction of vector 
mesons produced and the fraction of longitudinally polarized B* mesons agree 
with the expectations of heavy quark effective theory: V/(V + P) = 0.75 and 
GLI{?L + or) = 0-33. The latter is measured from the distribution of the angle 
of the photon with respect to the B* flight direction in the B* rest frame. For com
parison, measurements of V/(V + P) for charm mesons are also listed in Table 4. 
In this case, the result does not adhere to the naive spin counting expectation. 

6 Outlook 
LEP has already produced a rich harvest of b and c hadrons, and is still running 
at the Z pole. Although there is a large systematic component to the error, 
the measurement of Rb will improve with more data. Tagging algorithms can 
be refined, tighter cuts can be applied to optimize the total error in a trade
off between systematic and statistical uncertainties, and other measurements will 
help to reduce the systematic errors. 

These comments apply to many other analyses. Not only are many of these 
measurements statistics limited, but as has been illustrated in the latter part of 
this review, their systematic errors are themselves statistics limited. We can look 
forward to increasingly stringent tests of the Standard Model and heavy quark 
theory at LEP. 
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ABSTRACT 

I report here on recent results from the three major TRISTAN exper

iments: VENUS, TOPAZ, and AMY. These include a neural network 

analysis of 66 forward-backward asymmetry, a measurement of the run

ning of a„ evidence for color coherence, measurement of the photon 

structure function F-j, up to Q2 = 390 (GeV/c)2, and a measurement 

of charm production in two-photon events. 
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1 Introduction 

1.1 TRISTAN the Machine 

The TRISTAN facility at KEK, the National Laboratory for High Energy Physics 

in Japan, is an electron-positron collider which has operated at center-of-mass 

energies between 52 GeV and 64 GeV. An overview of the facility is shown in 

Fig. 1. The first collisions at TRISTAN were attained in November 1986, exactly 

the date that had been announced four years earlier at the inaugural ceremony. 

In addition to its "on-time" schedule, TRISTAN was remarkable in other ways. 

It achieved a peak luminosity of 4.5 X 103 1 cm~ 2 s - 1 which exceeded the design 

luminosity by about a factor of four. It was also the first accelerator to make 

extensive use of superconducting RF cavities which supplied 40% of the RF power 

at TRISTAN. This program was a notable success. 

The experimental program at TRISTAN was conducted by the three large-

scale, multipurpose detectors VENUS, TOPAZ, and AMY, shown in Fig. 2. A 

fourth detector, SHIP, operated during the first few years of TRISTAN running 

and searched for highly ionizing tracks by surrounding one of the interaction re

gions with sheets of CR-39 plastic. As of the end of 1994, TRISTAN had delivered 

more than 300 p b _ 1 of integrated luminosity to each of the three large-scale de

tectors. The AMY detector finished data-taking in June 1994 while TOPAZ and 

VENUS will run until June 1995 to accumulate a total of more than 400 p b - 1 of 

integrated luminosity. In 1995, TRISTAN will be shut down for installation of 

the KEK B-factory. 

1.2 TRISTAN the Physics 

Unlike LEP and the SLC, TRISTAN does not operate at the highest collision 

energy and does not enjoy the large cross section at the Z resonance. However, 

because of its unique energy range around 60 GeV, its physics program is unique. 

Exp. Hall "Fuji" 
(VENUS) 

Holt "Tsuktjbo" 
(T0PA2) 

2.5 GeV 
e" UNAC 

200 MeV High Corr. 
e" LINAC \ 

se*-source 

0 100 200 300m 

Figure 1: The KEK laboratory with the various components of the TRISTAN 

facility indicated. 
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Figure 2: The three multipurpose detectors. 

At TRISTAN energies, the electron-positron annihilation cross section is near a 

minimum. Although this leads to a low event rate, it can provide a sensitivity to 

new physics since the Standard Model background is small. Also, at TRISTAN, 

the forward-backward asymmetries are nearly maximal and provide an important 

check of the Standard Model away from the Z peak. In the area of QCD stud

ies, which are generally limited by systematic uncertainties, TRISTAN has made 

important contributions despite the greater statistical precision of LEP. Finally, 

TRISTAN provides the best conditions for studying two-photon physics. The 

two-photon cross section increases with increasing center-of-mass energy. TRIS

TAN is the highest center-of-mass electron-positron collider except for LEP and 

SLC, both of which have lower integrated cross sections and which suffer from 

annihilation background. As a result, TRISTAN experiments have accumulated 

the most two-photon events and have attained the largest reach in Q 2 for studying 

the photon structure function. 

In this report, I will review the recent results on: 

• 66 forward-backward asymmetry, 

• running of a„ 

• measurement of color coherence in jet fragmentation, 

• measurement of the Fi photon structure function, and 

• charm production in two-photon events. 

2 Electroweak Physics 

2.1 bb Forward-Backward Asymmetry 

The AMY group has undertaken a study of 66 forward-backward asymmetry using 

a neural network analysis. Previous analyses by LEP, PEP, PETRA, and TRIS-



TAN groups have relied on strong cuts on the transverse momentum of leptons in 

order to enhance the sample of 66 events. Backgrounds from cc, 6 -> c -> /, and 

events with a pion misidentified as a lepton are then subtracted through reliance 

on a Monte Carlo simulation. 

As an alternative method, the AMY group has used a neural network to classify 

each event as 66 or background on an event-by-event basis. Events used in the 

neural network analysis were those containing a muon with transverse momentum 

> 0.4 GeV. The relationship between the number of observed events, N, and the 

true number of events, n, is given by the following: 

NbZ = e&nbS + (! ~ ebkg)nbkg 

Nbkg = <tasn,£ + (1 - f j j )^ , 

where ($ and e^-g are the fraction of 66 and background events that are identified 

by the neural network as 66 events. The values of e$ and ebkg are determined by 

running the neural network on Monte Carlo events. After the values of iV,j and 

JVjjty are determined, the above equations are inverted on a bin-by-bin basis in 

cos 6 to obtain njj as a function of cos 6 from which the observed asymmetry can 

be obtained, as shown in Fig. 3. The Born level asymmetry is obtained from the 

observed asymmetry by a Monte Carlo unfolding. The result is in agreement with 

the Standard Model prediction in which B~B meson mixing is included, as shown 

in Fig. 4. 

3 QCD Physics 

3.1 Running of as 

The TOPAZ group has made a study of the running of a, by comparing mea

surements from three experiments run at different center-of-mass energies. These 

are: 
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Figure 3: The differential cross section for 66 production. The solid line is a fit. 
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Figure 4: The measured Born forward-backward 66 asymmetry. The solid curve 

is the Standard Model including BB meson mixing. The dashed curve is without 

mixing. 



• the TPC/27 detector at PEP; </s = 29 GeV, 

• the TOPAZ detector at TRISTAN; -y/s = 58 GeV, and 

• the ALEPH detector at LEP; -/s = 91.2 GeV. 

Previously, results from different experiments have been compared. However, this 

was the first attempt to compare results using the same analysis procedures, the 

same theoretical calculations, and the same Monte Carlo simulation. The Durham 

jet clustering algorithm, 

was used. The quantity L = — In jfe, with 2/3 the value of y in the algorithm for 

which a given event changes from a two-jet to a three-jet event, was measured and 

compared with a calculation based on an all-order resummation matched to the 

exact 0 (a 2 ) calculation. Parton showering and hadronization were simulated by 

the JETSET 7.3 Monte Carlo. The average values of L obtained from R matching 

and IniZ matching were used. The comparison was made over the range 1.2 < 

L < 4.4 in which corrections due to hadronization effects were less than 20%. 

Figure 5 shows the dependence of the determined values of a, as a function of 

the renormalization point ft. Since in the range of —1 < In (fj?/ECM2) < 1 the 

obtained value does not depend strongly on /J, values were averaged over this 

range. Figure 6 shows the values for the three experiments at the different center-

of-mass energies. Allowing a, to run gives a fit value for Ajjg of 350 MeV with 

a x 2 = 0.68 for two degrees of freedom. Requiring a, to be constant gives a fit 

value of a, of 0.130 with a fit x 2 = 15.0 for two degrees of freedom. 

3.2 Color Coherence 

In a simple model, the ratio of the particle multiplicity of gluon jets to the particle 

multiplicity of quark jets is determined by the ratio of the gluon to quark color 
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Figure 5: The measured values of a, obtained at three center-of-mass energies as 

functions of In (ft*/s). The two curves for each energy indicate the values obtained 

with R and In r matching. 
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Figure 6: The measured values of a, obtained at three center-of-mass en

ergies. The curve indicates the QCD prediction with the best fit result of 

A^j=350MeV. 



factors and is 2.25. However, this ratio has been measured by several groups to be 

about 1.3. One explanation for this suppression may arise from color coherence. 

This results from interference of the amplitudes for soft gluon emission during the 

parton showering process. 1 A manifestation of this color coherence occurs in the 

ratio of subjet multiplicity in three-jet to two-jet events. The AMY group has 

found evidence for this. 

The concept of subjet multiplicity is illustrated in Fig. 7. The Durham algo

rithm is used with a cutoff value y, = 0.007 to determine the jet multiplicity of an 

event. A second cutoff parameter y0 « yt is then used to determine the cluster 

(subjet) multiplicity within the jets. The ratio of the average value of M3 - 3 to 

the average value of M2 - 2 is then measured as a function of y0 where M3 is the 

subjet multiplicity in three-jet events and M2 is the subjet multiplicity in two-jet 

events. Figure 8 shows the data and comparisons with several Monte Carlo mod

els: LUND7.3 (JETSET) 2 with coherent and with incoherent parton showering, 

HERWIG5.7 (Ref. 3), and ARIADNE4.04 (Ref. 4) along with a next-to-leading 

log calculation. 1 The coherent Monte Carlo models generally agree with the data 

whereas the incoherent model is in significant disagreement. 

4 T w o - P h o t o n Physics 

4.1 Measurement of F^ 

Both the AMY and TOPAZ groups have made measurements of the photon struc

ture function F2 (Ref. 5). Figure 9 illustrates the definition of the kinematical 

quantities. The differential cross section is given by 
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Figure 7: Illustration of the concept of subjet multiplicity. 
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where: Q2 = -q2 = 4EtagEbeamsm{elag/2f 

x = -q2/2k-q = Q2/iQ2 + W2) 

y = q-k/p-k = (1 - E^/Eucm) cos(etag/2)2 

and ]y is the invariant mass of the hadronic system. 

Figure 9: Definition of kinematical quantities in two-photon scattering. 

Since F1/F2 is expected to be about 20% and y 2 / ( l — y)2 is about 20% for 

Etag » Euam/2, the term involving Fi can be ignored. The measurement thus 

provides a rather direct determination of F2. For comparing the experimental 

measurements with theoretical predictions, several different models were used for 

various contributions to the differential cross section. A perturbative QCD model 

by Field, Kapusta, and Poggioli (FKP)6 was used to simulate contributions of the 

light quark (u, d, s) to F^. The quark parton model (QPM) r was used for the 

heavy quark (c, b) point-like contribution. Finally, the vector meson dominance 

model (VMD) was used for the hadronic part. A transverse momentum parameter 

pa

t defines the boundary between the perturbative and hadronic regimes. 

Taking an average over the range 0.3 < x < 0.8, the following values are 

obtained: 

< F2/a > <Q2> (GeV/c)2 Experiment 

0.38 ±0.08 16 TOPAZ 

0.63 ±0.07 73 AMY 

0.49 ±0.15 80 TOPAZ 

0.72 ± 0.37 338 TOPAZ 

0.85 ±0.18 390 AMY 

These results are plotted in Fig. 10 along with values from other experiments. 

Included in the figure are the FKP predictions for various p? values. The data are 

consistent with a In Q2 dependence. A fit to the FKP prediction gives a value of 

p? = 0.45 ± 0.07 GeV. 

4.2 Charm Production in Two-Photon Events 

A measurement of the amount of charm produced in two-photon events is of 

particular interest. The charm production cross section is more sensitive to the 

gluon content of the photon structure than are the lighter quark cross sections. 

In addition, the theoretical calculation of the charm production cross section is 

simpler than for the lighter quarks and therefore has been completed to higher 

orders in a,. Also, the charm production is less sensitive to cut-off parameters 

such as px'n and the background from the hadronic (VDM) part is very small. 

The TOPAZ group has used two methods for identifying charm. One is by 

full reconstruction of the process D"+ -4 D°n+ followed by D° -4 K~n+x along 

with the charge-conjugated process.8 Here, the D° is first reconstructed and then 

the mass difference M(n+) — M(D°) is determined. The second method looks for 

soft pions resulting from D' -4 D°ir+ (Ref. 9). 
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Figure 10: The Q 2 evolution of the structure function F2 for the x-region between 

0.3 and 0.8. The c- and b-quark contributions are subtracted. Included in the 

figure are the FKP(uds) + VMD predictions for p% = 0.1 (dotted), 0.5 (solid), 

and 1.0 (dashed). The VMD contribution (dot-dashed) is indicated separately. 

In the D' reconstruction method, D"'s were measured in range of transverse 

momentum with respect to the beam axis of 1.6 GeV/c < p?' < 6.6 GeV/c. Since 

the lower p%' region is sensitive to the charm quark mass and to the renormal-

ization scheme, only data with Ef' > 2.6 GeV/c were used. Integrating over 

2.6 GeV/c < p$' < 6.6 GeV/c and |cos0 c . | < 0.77 where 9D. is the angle of 

the D' with respect to the beam axis, the cross section is 11.35 ±3.64 pb. The 

corresponding calculated cross section using a direct (QPM) plus LAC1 1 0 model 

with an average gluon pt = 0.44 GeV is 5.59 pb. The measured value is in excess 

by 1.6 a. 

Because of the small mass difference between D" and D°, the pr of the pion 

with respect to the D" direction in the process D' -> D°ir+ is about 40 MeV/c. 

In the soft pion method, the distribution of p\ of pions with respect to the axis 

of the jet with which it is associated is measured and the charm production is 

indicated by an excess at low p\. 

The background in the p\ distribution due to noncharm production was es

timated by Monte Carlo incorporating LAC11 0 and VMD models normalized to 

the data for p\ > 0.02 (GeV/c)2. The following function -

MCx(a + bp%) + Ae-ntf 

was fitted to the data as shown in Fig. 11 where MC is the Monte Carlo distri

bution and a, b, A, P are parameters determined by the fit. The Monte Carlo 

distribution was multiplied by (a + bp\) to account for higher order effects. The 

second term in the function above represents the signal due to charm. A Monte 

Carlo was used to determine a conversion matrix and to unfold the daD-fdpx 

distribution from the measured da^jdpr distribution. The dcro./dpT distribution 

is shown in Fig. 12. The open circles are from the full reconstruction analysis, 

the open squares are from the soft pion analysis, and the closed squares are from 

the combined analysis. Integrating over 2.6 GeV/c < p°* < 6.6 GeV/c and 

I cos 0£>. I < 0.77, the cross section from the soft pion analysis is 10.60 ± 2.20 pb. 



The measured value is in excess by 2.3 a. An average of the two methods gives 

10.70 ± 1.83 corresponding to a 2.8 a excess. 
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Figure 11: Distributions of p\: (a) for soft 7r+, (b) for soft 7r~, (c) in the forward 

direction, (d) in the backward direction, (e) for positive charge asymmetry, and 

(f) for negative charge asymmetry. The data points are background subtracted. 

The solid lines are the best fit to the function given in the text. 

5 Summary 

The recent results from TRISTAN reported on here are: 

• The Standard Model with BB meson mixing agrees with the measured 
forward-backward 66 asymmetry. 

• The QCD coupling strength a, has been shown to run as expected by com

parison of results obtained from three experiments at different center-of-mass 

energies using the same analysis techniques. 

• Evidence for the color coherence effect has been seen in the ratio of subjet 

multiplicities in three-jet to two-jet events. 

• The photon structure function Fz has been measured at the highest Q2 value 

and is in agreement with QCD predictions. 

• An excess of charm in two-photon events is seen at about the 3 a level. 

TRISTAN has been a highly productive facility with many unique measure

ments made as a result of its unique energy range. The conversion of the TRISTAN 

infrastructure at KEK to a B-factory is now eagerly awaited. 

2 3 4 S . 6 

Figure 12: The differential cross section for D* vs. pp. The open circles are for the 

full reconstruction method, the open squares are for the soft pion method, and the 

closed squares are for the combined results. The histograms are the theoretical 

predictions. The cross-hatched area is the direct process. The singly-hatched area 

is the resolved process (LAC1). 
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ABSTRACT 

A data-driven energy scan in the immediate vicinity of the r pair pro
duction threshold has been performed using the Beijing Spectrometer 
(BES) at the Beijing Electron-Positron Collider (BEPC). Approxi
mately 5 p b - 1 of data, distributed over 12 scan points, have been 
collected. An initial r lepton mass value, obtained using only the e/i 
final state, has been published. In this paper, the final BES result on 
the mass measurement, based on the combined data samples of ee, e/x, 
e7r, eK, fifi, [in, fiK, rnr, and itK events, is presented. A maximum 
likelihood fit yields the value mT = 1776.96 toll iolie MeV. 
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The measurement of the mass of the tau lepton by BES is based on a data-
driven energy scan within 25 MeV of the threshold for e +e~ -> T+T~ production. 
During the scan, T+T~ events were identified by means of the cp. topology in 
which one tau decays via r —t evu and the other via r -> fii/P, and the mass value 
obtained from a likelihood fit to the 14 observed e/x events was m r = 1776.91 §.5 ± 
0.2 MeV (Ref. 2). This paper presents a new result based on a much larger event 
sample which combines events from the ee, e/i, eir, eK, fi/i, \in, fiK, mr, and itK 
channels, where the n(K) results from the decay r -> ir(K)uT. 

The experimental details are described in Ref. 1. The total data sample con
sists of 107 event triggers corresponding to 5 p b - 1 of integrated luminosity. The 
initial selection of T+T~ candidates is effected by means of simple topological and 
particle identification criteria. 

It is required that exactly two charged tracks be well-reconstructed, without 
regard to net charge. For each track, the point of closest approach to the beam 
line should have radius < 1.5 cm and \z\ < 15 cm, where z is measured along the 
beam line from the nominal beam crossing point; in addition, \zi — z^\ must be 
less than 5 cm. Furthermore, each track is required to satisfy \cos6\ < 0.75, where 
6 is the polar angle, to ensure it is contained within the cylindrical barrel region 
of the detector. These criteria reduce the data sample by a factor of ~ 20. 

Next, it is required that the transverse momentum of each track be above the 
100 MeV/c minimum needed tbtraverse the barrel time-of-flight counter and reach 
the outer radius of the barrel shower counter in the 0.4 Tesla axial magnetic field. 
In addition, the magnitude of the momentum must be less than the maximum 
expected in any tau decay at the given center-of-mass energy within a tolerance 
of three standard deviations in momentum resolution. Together, these constraints 
on momentum reduce the data sample by over an order of magnitude, leaving 
~ 40,000 events. Most of this reduction is due to the removal of Bhabha and ft 
pair events. 

A further requirement is that there be no isolated photon present with mea
sured energy greater than 60 MeV and making an angle of greater than 12° with 
the original direction of each of the charged tracks. This reduces the data sample 
to ~ 33,000 events. 

The particle identification procedure is applied to the remaining events. For 
each mass hypothesis (e, ft, n, K, or p) for each track, the measured momentum is 
used to predict the expected values of dE/dx, time-of-flight, and shower counter 
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energy. The corresponding measured quantities and resolutions are then used 
,to create an overall x 2 value, which is converted to a confidence level using the 
number of contributing devices as the number of degrees of freedom. Events are 
rejected for which a positively charged track has CL(p) > 5% (this removes 3441 
events due mainly to beam-gas interactions). Next, the \i hypothesis is assigned 
to a track if CL{n) > 5 %, \P\ > 0.5 GeV/c, and there are corroborating muon 
counter hits. Failing the muon requirement, a track is assigned the e, n, or K 
hypothesis with the highest confidence level, provided it is at least 5%. For the 
•n or K assignments, it is further required that \P\ be consistent with two-body 
tau decay at the three sigma level; for the calculation of the relevant momentum 
limits, mT is taken 1.0 MeV below the previous measurement2 to make the T -> IT, 
K selection efficiencies independent of center-of-mass energy and to avoid biasing 
the new mass measurement. 

After the particle identification procedures, there remain 12571 ee, 1340 itft, 
and 127 events in the other channels. The ee sample results predominantly from 
two-photon e +e~ -+ e +(e~e +) e~ events for which the leading e + and e~ in 
the final state are undetected. The fifi sample similarly results from e + e _ —>• 
e+(fj+/i") e~ events with additional contributions from cosmic rays. These back
ground events are characterized by small observed net transverse momentum and, 
for the QED events, large missing energy. The T+T~ final states are separated 

~fronrthese~sources of background by requiring that the ratio of total transverse 
momentum to the maximum possible missing energy be greater than 0.4 for ee, 
0.1 for eft, and 0.2 for all other channels. The final event sample consists of 64 
events distributed as 4 ee, 18 eft, 19 en, 2 eK, 3 fifi, 5 fin, 3 fiK, 4 7T7T, and 6 nK. 

A maximum likelihood fit is performed to find the values of the mass, m r , of 
the r lepton; the overall absolute efficiency, e, for identifying T+T~ events; and the 
effective background cross section, O~B, which is assumed constant over the limited 
range of center-of-mass energy involved. By fitting the parameter e, uncertainties 
in the luminosity scale and trigger, and detector efficiencies are implicitly taken 
into account. The likelihood function is the product over the 12 scan points of 
the Poisson probability for the observed number of events at each point, where 
the expected number of events, fi, is given by 

fi = {exa(W,mT)+crB)xL(W); 

here, L is the integrated luminosity, and the cross section, a(W, m r ) , for r+r~ 



production is corrected for Coulomb interaction, initial and final state radiation, 
vacuum polarization, and the spread {c = 1.4 MeV) in center-of-mass energy, W. 

The parameter values resulting from the fit are mT = 1776.96, e = 4.14 %, 
and aB = 0. The statistical uncertainty of mT is found by setting e = 4.14%, 
OB = 0, and integrating the likelihood function to find the 68.3% confidence level 
interval, with the result mT = 1776.96io;Jf MeV. The cross-section curve which 
results from this mass value is plotted over the data in Figs. 1(a) and 1(b); the 
corresponding likelihood function is shown in Fig. 1(c). 

The uncertainty in the efficiency, Ae =lo!so) contributes systematic errors Am, 
=io,oi MeV to the mass of the T. The background cross section, A<TB = +0.61 pb 
(which corresponds to a la background level of 3.1 events), contributes the system
atic error Am T = +0.12 MeV; possible bias in the scanning procedure contributes 
Am r = ±0.10 MeV, as estimated from Monte Carlo simulations; and uncertain
ties in the center-of-mass energy scale and energy spread yield Am r = ±0.09 
MeV and Am r = ±0.02 MeV, respectively. 

Combining the systematic errors in quadrature, the final BES result on the 
mass of the r lepton is 

m r = 1776.9618:13 18:f6° MeV, 

where the first errors are statistical, and the second systematic. 
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at their most likely values; the dashed curve shows the likelihood function from 
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1 Introduction 
This paper highlights the results of the Fermilab Fixed Target Program that were 
announced between October 1993 and October 1994. These results are drawn from 
18 experiments that took data in the 1985,1987, and 1990/91 fixed target running 
periods. The program is quite diverse and many interesting results have been 
published recently,1 so it is not possible to review all of the new measurements. 
The plans for the next Fermilab fixed target run, scheduled to begin in 1996, also 
are included in this article. 

For this discussion, the Fermilab Fixed Target Program is divided into five 
major topics: Hadron Structure, Precision Electroweak Measurements, Heavy 
Quark Production, Polarization and Magnetic Moments, and Searches for New 
Phenomena. However, it should be noted that most experiments span several 
subtopics. Also, measurements within each subtopic often affect the results in 
other subtopics. For example, parton distributions from hadron structure mea
surements are used in the studies of heavy quark production. 

Due to restrictions on space, this discussion must presuppose familarity with 
many concepts. References 2-6 provide useful reviews of the ideas associated with 
each topic below. Reference 7, The Fermilab Workbook, describes the ongoing 
program at FNAL and each experiment. 

2 Hadron Structure Experiments , 
Nucleon structure studies are interesting as universal, fundamental measurements, 
as tests of QCD, and as constraints on the parton distributions. The data from 
muon and neutrino experiments at FNAL can be compared as a test of the uni
versality of the structure functions. New data from muon scattering experiments 
extend the measurement of F% into previously unexplored kinematic regions. New 
precision measurements of structure functions provide an opportunity to test QCD 
evolution and extract the QCD parameter A, which sets the scale of the strong 
interaction. In the kinematic regions where the structure of the nucleon can be 
interpreted in terms of quarks, certain processes provide high sensitivity to each 
distribution. Global analyses which include all of the FNAL fixed target data 
provide the best parameterizations of the individual parton distributions. 
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Figure 1: Examples of processes used to study hadron structure. 

The hadron structure experiments at Fermilab use a variety of beams and 
detectors. This section will cover new measurements from the deep inelastic neu
trino and muon scattering experiments (E744/770 and E665, respectively), the 
Drell-Yan experiment (E772/789), and the direct photon production experiment 
(E706). Figure 1 shows examples of each of these processes. 

2.1 Neutrino and Muon Measurements of Fz 

The parity-conserving structure function Ft is measured by deep inelastic lepton 
scattering experiments. In the deep inelastic regime, Fi can be defined as: 

F2= Z «'*«(*, <?), (1) 

where i is the quark type, e; is the charge associated with the interaction, and g,-
is the probability of finding a quark of type i with fractional momentum x in the 
nucleon. In the case of muon scattering, the coupling is electromagnetic; hence, 
the definition of F% includes the quark charges squared. In neutrino scattering, 
the corresponding "weak charge" is unity. 

Over the past decade, many precision muon and neutrino experiments have 
been performed at CERN and at FNAL. Below, the new results on Fi from the 
CCFR (E744/770) neutrino experiment at FNAL are compared to both the older 
results from the NMC muon experiment at CERN and to the preliminary results 
from the E665 muon scattering experiment at FNAL. 

As a result of the difference in charge coupling (e,-) between the electromagnetic 
and weak interactions, a conversion must be applied in order to compare muon 



and neutrino experiments. To lowest order, the correction is: 

(2) 
* * - & 

\ 3(s + 5) 

The strange sea (s, s) appears explicitly in this equation. This can be precisely 
measured by charged-current neutrino scattering from strange quarks. This pro
cess has the unique signature of producing two muons of opposite sign, one from 
the scattered lepton and the other from the semileptonic decay of the produced 
charm. The CCFR next-to-leading-order measurement of the strange sea ex
tracted from these events is used to make the corrections in this discussion.8 

Nuclear effects must also be considered when comparing muon and neutrino 
measurements of F2. Neutrino scattering experiments typically use high-density 
nuclear targets because the neutrino cross section is very small. The CCFR results 
were obtained with an iron target (bound nucleons). The electromagnetic cross 
section is reasonably large and so muon experiments typically use hydrogen and 
deuterium (free and loosely-bound nucleons, respectively). The difference in F2 
between bound nucleons and free nucleons has been studied in muon experiments. 
The corrections used below are from NMC.9 

Figure 2 compares the Ft measured by CCFR 1 0 to the measurements from 
NMC.1 1 The corrections for charge coupling and nuclear effects have been applied 
to the muon data. F2 is shown as a function of the squared four-momentum 
transfer, Q2, for a wide range of x. From these plots, one can see that there is good 
agreement between the measurements for x > 0.1; however, there is disagreement 
at low a;. The disagreement increases with decreasing x. 

One cause for the disagreement may be the nuclear correction. This correction 
assumes that effects in scattering from bound nucleon targets are the same for 
muons and neutrinos in the low x "shadowing" region. However, if shadowing 
effects are caused by fluctuations of the intermediate virtual boson to mesons, 
then one might expect differences. The vector-meson-dominance model ascribes 
the cause of shadowing to fluctuations of the vector boson into mesons leading 
to strong interactions near the "surface" of the nucleon. In the case of muon 
scattering, the photon can fluctuate only into vector mesons, while for neutrinos, 
the W has an axial as well as a vector component. It should also be noted that 
E665 at FNAL has recently presented preliminary results which indicate that 
smaller nuclear corrections may be needed,12 making the neutrino and muon F% 
measurements more compatible. 
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Figure 2: Comparison of the CCFR (v) measurement of F2 to the NMC (fi) result. 
Corrections for definition of F2 and for nuclear effects (see text) were applied to 
the NMC data to permit comparison. 
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Figure 3: Preliminary measurement of F2 from E665 at Fermilab. These results 
can be compared to measurements from other charged lepton scattering exper
iments. For comparison to neutrino results, as in Fig. 1, corrections must be 
applied (see text). 

It is extraordinarily unlikely that the discrepancy is caused by an inaccurate 
measurement of the strange sea, although this was suggested in several publica
tions. 1 3 ' 1 4 The CCFR measurement of the strange sea, which is to next-to-leading 
order and includes corrections for the charm-mass threshold, would have to be 
incorrect by 5cr to account for the discrepancy. 

In order to fully investigate the discrepancy in the F2 measurements, data 
in the low x region from more than one neutrino and one muon experiment are 
required. Although there are data from other experiments in the higher x bins, 
CCFR and NMC are the only experiments to have published measurements in 
the region of the observed discrepancy. However, now a preliminary measurement 
from E665 is available and will be discussed below. A new neutrino measurement 
is expected from the NuTeV experiment (E815) at Fermilab after,the next fixed 
target run. 
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Recently, E665 presented F2 measurements from hydrogen and deuterium tar
gets which cover a wide kinematic range,15 including the region of the discrepancy 
between CCFR and NMC. The structure functions are shown in Fig. 3. Only the 
statistical error is shown. The systematic errors are « 10-20%, coming largely 
from the modeling of the acceptance and the track reconstruction efficiency, and 
are expected to improve. The results are complementary to the HERA data which 
span a similar x range but at a much higher Q2. The data are in agreement with 
the NMC result within the systematic errors, thus reinforcing the discrepancy 
between the muon and neutrino measurements. 

2.2 Nucleon Structure as a Test of QCD 

The strong interaction is the least understood of all of the Standard Model com
ponents. Although many QCD predictions have been verified qualitatively, very 
few precision tests have been performed. The measurements of neutrino struc
ture functions by CCFR provide an opportunity to make tests of the predicted 
evolution as well as to extract a precise measurement of A, the QCD mass scale.16 

Perturbative QCD can predict the evolution of the structure functions from 
a starting set of x-dependent distributions.17 This can be studied using the par
ity violating structure function xFt, which represents the difference between the 
quark and antiquark distributions within theparton model framework. The QCD 
evolution of XF3 has only one free parameter, A, which appears in the definition 
of the running coupling constant as(Q2, A2). The QCD fit of the CCFR data is 
good with x*/DOF = 53.2/53. The extracted value of Ajjg is 210 ± 28 MeV. 

An equivalent way of expressing the QCD parameter is to quote a value of 
a, for Q2 equal to the squared mass of the Z (Af|). In this form, the CCFR 
result is a,{M%) = 0.111±0.003(ea;p)±0.004(i/t). This is in good agreement with 
other measurements from deep inelastic experiments, for which the world average 
is a,{M%) = 0.113 ± 0.005 (Ref. 18). As the value of a, is evolved from the 
low Q2 measurement to M| , the errors also evolve, resulting in a measurement 
which is comparable to the measurements of a, from LEP, 1 8 a5(JW|) = 0.122 db 
0.006. Note that there is a 2a disagreement between the deep inelastic and LEP 
determinations. 

Figure 4 compares various measurements of a, (Ref. 19). Each point is shown 
at the Q2 associated with the measurement. The solid line indicates a, with A 
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Figure 4: A compilation of measurements of a, from various processes. The solid 
line indicates a, with A from the deep inelastic data. The dashed curve shows a, 
with A determined from the LEP measurements. 
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from the deep inelastic measurement while the dashed line indicates a a with A 
preferred by the LEP data. The other low-energy measurements tend to agree 
with the deep inelastic value for A. There has been significant discussion over the 
cause of the discrepancy between the low and high energy measurements. While 
some suspect a systematic problem with at least one of the measurements, others 
hope that this signals new physics, such as a light gluino.20 

2.3 Measuring Individual Parton Distributions 
While experiments measuring Fi and xF3 are sensitive to combinations of the 
quark and gluon distributions, other fixed target experiments at Fermilab are 
sensitive directly to the individual parton distributions. Two examples are Drell-
Yan Experiments and Direct Photon Experiments. 

The ratio of the Drell-Yan scattering cross section21 from a target with a high 
neutron excess (HNE) to the scattering cross section from an isoscalar (I) target 
is -j 

R _ £7WB _ l + / f r a c t j o n a i n e u t r o n excess) =-—: • ( 3) 
07 a + u 

Thus, the ratio between the H and 3 seas can be extracted from a measurement 
of R. 

Experiment E772 at Fermilab recently published results on Drell-Yan scatter
ing from a number of heavy targets.25 The original goals of the experiment did 
not include this study of the u and 3 sea, so unfortunately, the targets were not 
optimized for this measurement. Data were obtained for the ratio of tungsten, 
which has a very small fractional neutron excess of 0.183, to deuterium and car
bon, which are isoscalar. No significant asymmetry in the seas was observed, but 
the errors were large. Much more precise data can be obtained if hydrogen is 
compared to deuterium, as this maximizes the fractional difference between the 
number of neutrons in the targets. Experiment E866, approved for the next Fer
milab fixed target run, will use these targets to make a 1% measurement of the 
value of R at several data points in the 0.05 < x < 0.2 region. 

Measurements of the u and 3 seas are quite interesting because, although 
traditionally the u and d antiquark seas have been assumed to be equal, a recent 
measurement of the Gottfried Sum rule by NMC2 4 indicates that 3 is larger than 
ui 

J[(.F$-F£)/x]dx = ±-lJ(d:-u)dx = 0.240±0M6 . (4) 



F2" is extracted from measurements on deuterium which is loosely bound and 
may have shadowing effects. New E665 measurements of FSJFZ in the very low 
x region allow investigation of shadowing in the deuteron.22 The E665 result, 
Fg/Fg = 0.94 for x < 10~2, is in agreement with predictions made by the model 
of Badelek et a/.,23 which includes shadowing effects. This would translate to a 
10-15% reduction to the measured value of the Gottfried Sum Rule, indicating an 
even larger u to 3 asymmetry. 

Hadroproduction experiments which measure direct photon production are 
a second example of experiments which are sensitive to the individual parton 
distributions. As can be seen in Fig. 1, the dominant interaction which produces 
a direct photon directly samples the gluon distribution. There is no fragmentation 
function associated with the outgoing photon, making this a theoretically "clean" 
measurement. However, this measurement is sensitive to the definition of the 
QCD hard scattering variable Q2. One way to address this problem is to search 
for a set of parton distributions and choice of Q2 which simultaneously match 
the differential cross sections for several types of particle production. Experiment 
E706, which uses pion and proton beams and a beryllium target, has shown that 
direct photon, ir°, and rj production can be described using a single set of parton 
distributions with the choice of Q2 = p\/A (Ref. 26). 

3 Precision Electroweak Measurements 
The Standard Model has 27 free parameters. Comparison of parameters measured 
by a variety of methods can give hints of new physics. Although many of the 
parameters are measured by the fixed target experiments, this discussion will 
focus on sin2 $w measurements from neutrino scattering and direct CP violation 
searches in the kaon system. 

3.1 sin2 9w 
The parameter sin2 6\v describes the mixing between the neutral electromagnetic 
field and the neutral weak field from spontaneous symmetry breaking. Unfortu
nately, measurements of sin2 0w often also depend on the comparative strength of 
the neutral to charged weak couplings, parameterized by p. Hence, for most mea
surements of sin29if, the Standard Model value for p must be assumed. At tree 

level in the Standard Model, p is unity. Radiative corrections, which are process-
dependent, lead to small variations from unity. These radiative corrections will 
depend on the mass of the top quark (Mt0p) and the Higgs boson (MmggB). Var
ious physics processes beyond the Standard Model can lead to large variations 
from unity. A good review of the theoretical issues involved in measuring sin2 &w 
and p can be found in Ref. 3. 

Several different types of experiments can measure sin2 8w- Applying the Sirlin 
definition,27 sin2 0\y = 1 — (Mw/Mz)2, one can use measurements of the mass of 
the W boson, Mw, and the mass of the Z boson, Mz. Alternatively, sin2#w can 
be extracted directly from measurements of Mz, given the Fermi coupling con
stant GF. A third method uses production asymmetries in e + e" scattering, which 
are functions of sin20ty. Finally, the ratio of charged-to-neutral current deep in-
elastic neutrino scattering events depends on sin2#w. All of these measurements 
must assume the Standard Model dependence for p, except for the Sirlin defini
tion, which has no p dependence by definition. Limits can be set on JW(op and 
Mnigga, if cross-comparisons among the above experimental measurements show 
good agreement. Disagreement among the experiments would hint at new physics. 

The result from deep inelastic neutrino scattering, recently published by CCFR,2 

is shown in Fig. 5(a) in comparison with the other measurements described above.29 ,1 

The measurement labeled "Mw" refers to the Sirlin definition with Mw from CDF 
and UA2, and the combined Mz from the four LEP experiments. The "Mz" 
measurement uses Mz from LEP and Gp as input. The data points are extracted 
from the LEP forward-backward and SLAC left-right asymmetry measurements, 
respectively. One-sigma errors are presented. 

The functional behavior of sin2 8w vs. p within the Standard Model differs for 
each of the above processes. The CCFR result sweeps out a region in sin2 6w-p 
space which is nearly orthogonal to the other measurements. Hence, it is impor
tant for constraining the region of overlap between experiments. Presently, the 
results are in relatively good agreement, with M t o p = 166ii9J:2? GeV and Mmag, 
between 60 and 1000 GeV.30 This can be compared to the CDF preliminary top 
search result Mtop = 174 ± lOl}3. GeV.31 

Figure 5(b) shows the expectation for the error on these measurements in 
1997, where the central values for each measurement are the 1994 values. NuTeV 
is the next generation of neutrino experiments at FNAL, running in 1996, and is 
specifically designed to measure both sin2 0w and p. Hence, instead of a broad 
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band, this experiment will measure a small ellipse in sin2 6\v-p space.2 9 The im
provement which will permit this measurement is a sign-selected beam, allowing 
separate v and V measurements. By taking the ratio of neutral to charged current 
events in each case, one can form two equations to determine the two unknowns, 
sin2 0w and p. Also, the sign-selected beam and other detector improvements are 
expected to reduce the systematic errors significantly. 

3.2 Direct CP Violation 

Evidence for CP violation has been seen in the kaon sector where experiments 
have observed Ki decaying to both the CP-odd (3JT) and CP-even (2?r) final 
states. In the Standard Model, there are two mechanisms by which CP violation 
can occur. The first is mixing between CP odd and even eigenstates before decay. 
The second is direct decay of a particle in one CP eigenstate to a set of particles in 
the opposite CP state. In kaon decays, violation due to mixing is parameterized 
by e and direct CP violation is parameterized by e*. The Standard Model does 
permit direct CP violation to occur very rarely (e* <g 1). The Superweak Model 
excludes direct CP violation altogether by introducing a new interaction to explain 
the CP asymmetry in K0-!^ mixing (^ = 0). 

Although most investigations of CP violation have focused on the kaon system, 
there are many decay modes in which direct CP violation might be expected 
in the Standard Model. In the next fixed target run, the first experiment to 
investigate direct CP violation in the hyperon system (E871) will probe the H~ 
and A0 by comparing the decay asymmetries of the particles to the corresponding 
antiparticles.32 CP violation in the D° system is being explored by the charm 
experiments.33 Direct CP violation in the B system is the "holy grail" of many 
proposed fixed target and collider experiments of all genres. However, the most 
stringent limits on direct CP violation have been set by kaon decay experiments 
and this discussion will focus on the recent kaon results from FNAL. 

The "Catch-22" of CP violation in the kaon system is that «7 € is quite small 
for more common decays, while decays for which e'/e is expected to be large are 
very rare. For the relatively copious KL -» 2ic decays, e' < e, making extraction 
of e'/e very difficult. For the rare KL -* n°£+£~ decays, e* ss e. For the rare and 
experimentally challenging KL -> n°uV, e* S> «. 



Experiment B731 used the Ks, Ki -4 2ir decay modes to set limits on 3te(e7«). 
According to the Standard Model, given a very massive top quark, this parameter 
is expected to be ~ 10~3. The results from E731 3 4 are 7.4 ± 5.2 {stat) ± 2.9 (sys) x 
10~4, which is consistent with zero. This can be compared to the results from 
NA31, 3 5 a similar experiment at CBRN, which measured 23 ± 6.5 x 10"\ more 
than 3tr away from zero. In the next fixed target run, KTeV is expected to reduce 
the errors on this measurement by a factor of five. 

Alternatively, one can look to rare decays for evidence of direct CP violation. 
Among the many decays studied by E799 at FNAL, the three "cleanest" modes 
theoretically are Ki -> 7r°e+e~, Ki -> 7rV+^~i a n d Ki -> iflvV. The Standard 
Model predicts CP violation at the 10~ u level for the first two decays and at the 
10~ 1 0 level in the third channel. The decays in the electron and muon modes were 
ruled out by E799 at the 4.3 x 10~9 and 5.1 X 10 - 9 levels respectively.36'37 The 
third channel is experimentally very difficult to observe and the E799 limit3 8 of 
5.7 X 10~s represents an important proof-of-principle for searching in this mode 
in future running periods. 

Increasingly larger samples of Ki decays are expected in the next fixed target 
run and the runs following the main injector upgrade. This will lead to very sen
sitive limits on direct CP violation in these rare decays, or perhaps to a discovery! 

4 Heavy Quark Studies 
Studies of heavy meson production can address questions in both QCD and the 
electroweak framework. Within perturbative QCD, calculations for bound states 
and for production of massive quarks are more straightforward than for lighter 
quarks because perturbative techniques can be applied. Therefore, production of 
c- and b-mesons can provide meaningful tests of QCD. The studies of heavy meson 
lifetimes and fragmentation can address issues of final state interactions. Intrinsic 
heavy quark distributions can be measured.39 Measurements of branching ratios 
allow extraction of the CKM matrix parameters. Searches provide limits on rare 
decays and therefore on new physics. 

The experiments at Fermilab have amassed samples of more than 105 charmed 
meson and baryon decays. The most recent experiments to publish results are 
E653, E760, E687, and E769/791. In the 1996 fixed target run, E831 expects 
a charm meson yield of ~ 106. The first experiment to study high-a: charm 

baryon production, E781 (Selex), will take data in the next running period. The 
charmonium program (E835) also will continue. 

This review will cover new observations of charmed baryons and mesons and 
new results on charm fragmentation. Recently announced measurements of life
times and widths, energy dependence of the charm cross section, CKM matrix 
elements, and D°-D° mixing will not be covered here.4 0 

The study of 6-mesons in a fixed target setting is in its infancy. In principle, 
a fixed target experiment has several advantages: a very forward boost leading 
to well-separated secondary vertices, a large acceptance for particle identification 
detectors, and the opportunity to use high-.4 targets. In practice, this study 
is extremely difficult because the rates at present fixed target energies are low. 
FNAL E653 and E672/E706 have presented results on the 6 cross section as a 
function of momentum. 4 1' 4 2 Recently, E789 has presented preliminary results on 
the differential cross section as a function of pr . 4 3 These results were presented at 
this Topical Conference by W. Yao, "CDF Evidence for the Top and B Physics 
at Fermilab," and will not be discussed here. 

4.1 Mysteries of the Missing Charm 
Several theoretically expected charm states are poorly observed or unobserved. 
ThisTdiscussion covers the £2° baryon, which has now been observed by E687, and 
several charmonium states under study by E760. 

Evidence for the elusive f2j has now been published by three experiments. 
WA62 at CERN reported three events in the channel E-K~n+ir+ at 2740 ± 20 
MeV.44 Argus announced a signal from 12.2 ± 4.5 events in the same channel at 
2719 ± 8 MeV.4 5 Now E687 at Fermilab has reported signals in two channels: 4 6 , 4 7 

fi_n-+ and S+K~K~v+ where the S + decays to pit0 or nn+. From 10.3 ± 3.9 
events, E687 measured a mass of 2705.9 ± 3.3 ± 2.0 MeV in the first channel. 
In the second channel, the mass was measured to be 2699.9 ± 1.5 ± 2.5 MeV 
from 42.5 ± 8.8 events. This is the strongest published evidence for the fi° to 
date. Although E687 has not published a combined fit for the two channels, it 
is reasonable to take the statistically weighted average of the two measurements 
and assume the systematics are the same, giving 2700.9 ± 1.4 ± 2.5 MeV as the 
mass of the fi°. 



Resonance Mass (MeV) Width (keV) 
J/il> (E-760) 
JI1> (Old Value) 

3096.88 ±0.01 ±0.06 
3096.93 ±0.09 

99 ±12 ± 6 
86 ± 6 

Xi (E-760) 
Xi (Old Value) 

3510.53 ±0.04 ±0.12 
3510.6 ±0.5 

880 ± 110 ± 80 
<1300 

X2 (E-760) 
X2 (Old Value) 

3556.15 ±0.07 ±0.12 
3556.3 ±0.4 

1980 ±170 ± 7 0 
2600 t$$> 

X l - x , (E-760) 45.62 ±0.08 ±0.12 
tf (E-760) 
f (Old Value) 

3686.0 (input) 
3686.0 ±0.1 

3 1 2 ± 3 6 ± 12 
243 ±43 

Table 1: Summary of new results on resonance parameters from E760 compared 
to previous results. See Ref. 49. 

Several channonium states are also "missing in action." The properties of 
charmonium are particularly interesting because charmonium can be regarded as 
the "positronium" of QCD, allowing very precise tests of predictions. In the last 
series of runs, E760 took pp data using an apparatus located in the antiproton 
accumulator ring of the collider. This experiment observed the lP\ charmonium 
state for the first time. 4 8 The rjc and rfc are presently under study. As shown in 
Table 1, the new FNAL results provide precise measurements for the masses and 
widths of the x and t/> states. 4 9 

E835, which will take data in the next fixed target run, will continue these 
charmonium studies.5 0 This experiment plans to measure the mass and total width 
of the rfc and its decay to 77, to improve the measurements of the TJC parameters, 
and to continue studies of the 1P\, state. It also will focus on a search for another 
set of missing charmonium mesons: the 3,l2>2 states. 

4 . 2 P r o d u c t i o n A s y m m e t r y for D± M e s o n s 

The production asymmetry between leading and nonleading D mesons is measured 
in hadroproduction experiments such as E769 and E791. E769 used a tagged-beam 
system, taking the asymmetry data presented below with both ir~ and it+ beams. 
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E791 has two orders of magnitude more statistics, but used only a n~ beam. 
A meson with xp > 0 that has a light quark in common with the incoming 

beam particle is referred to as a "leading particle." For example, for n~ (ud) 
scattering, forward D~ (Zd) mesons are leading and D+ (cd) are nonleading. The 
asymmetry is defined as: 

Ni-Nn ,,, 
A=wnrn' (5) 

where Ni and JV„ are the numbers of leading and nonleading D mesons respec
tively. 

Several sources for such an asymmetry are possible. Next-to-leading-order 
QCD calculations predict a small asymmetry for -K~ scattering.51 Alternatively, in 
the Intrinsic Charm Model,52 the incoming pion can fluctuate into a state with a 
virtual cc which may be knocked onto the mass shell. When the 2 combines with 
the d valence quark of the 7r~, a very high xp leading D~ is produced. Finally, 
some fragmentation models, such as the Lund/Pythia model,5 3 add momentum 
to the charmed quark if it combines with a valence quark, phenomenologically 
reproducing the asymmetry. In each of these processes, the expected behavior of 
the asymmetry as a function of xp and y% differ. 

Figure 6 shows the measured asymmetries from E769 and E791 as functions 
of xp and pj . . 5 4 - 5 5 Only approximately half of the E791 data were used in this 
analysis. Data from the WA82 experiment at CERN are also shown.56 The cor
responding predictions from QCD, Pythia, and Intrinsic Charm Models are indi
cated. The QCD prediction underestimates the effect. The data He between the 
Pythia and Intrinsic Charm models and in some regions are inconsistent with both 
predictions. The asymmetry is confirmed but its source is still unclear. The high 
statistics and doubly differential distributions from E791 may provide additional 
guidance. 

5 Polarization and Magnetic Moment Measure
ments 

An interesting feature of high energy collisions is that an unpolarized beam scat
tering from an unpolarized target can result in production of polarized particles. 
The cause of this polarization remains a mystery. Polarization is most striking 
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in the hyperon family where the effects can be quite large. Fermilab has had an 
extensive program of hyperon experiments which exploit and measure these polar
ization effects. In particular, polarization allows magnetic moment measurements 
through spin precession in a magnetic field. The 1994 APS Panofsky Prize was 
given to Thomas J. Devlin and Lee G. Pondrom for hyperon studies at FNAL. 

5.1 Polarization of Hyperons 

Polarization'has been measured for all of the hyperon family by a series of FNAL 
experiments. Each apparent pattern for the magnitude or sign of the polarization 
as a function of pr, SF, ot energy has unexplainable exceptions. For example, 
E799 recently showed that the A0 polarization depends on pr, but has no energy 
dependence59 while E761 has shown that the S + and the H" have energy depen
dences to their polarization which show opposite trends. 6 0 Figure 7 compares the 
polarizations of the S + , A0, and the H~ as functions of XF and pr- The behaviors 
are quite different for the three particles. 

5.2 Magnetic Moment Measurements 
Almost two decades of work has led to very precise measurements of the magnetic 
moments of the hyperons. The most recent measurements from the FNAL pro
gram are on the S from E761. 6 2 A new measurement from E800 on the magnetic 
moment of the il~ is expected soon. 

In principle, the "simple quark model" predicts the moments for S, 2, fi, and 
A given the measured moments of the proton, neutron, and A. 6 1 In practice, there 
are large deviations from the predictions which must be attributed to low energy 
effects. More sophisticated models such as the lattice calculations, the Skyrme 
model, the Bethe-Salpeter formalism, and the relativistic quark model have been 
suggested. 

Among the choices for models, the relativistic quark model 6 3 is quite good. It 
is simple and describes the data, 6 4 as shown in Table 2. This calculation, which 
uses light cone variables, is straightforward. The parameters of this model are the 
constituent quark mass, the "size" of the baryon, and the choice of wavefunction. 
The best fit uses a symmetric wavefunction. 

It may be possible to study magnetic moments in the charm baryon systems 
in the next generation of accelerators.57 If charm baryons are produced at energies 
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Particle Expt. Magnetic Moment (from Ref. 64) Model Fit Value (from Ref. 63) 
S+ 2.42 ±0.05 2.55 

s- -1.160 ±0.025 -1.07 
A -0.613 ±0.004 -0.61 
E° -1.250 ±0.014 -1.33 
S — 0.6507 ±0.0025 -0.68 

Table 2: Comparison of experimental measurements of the hyperon magnetic 
moments to the fits from the relativistic quark model. 

~ 1 TeV, the decay length is ~ 4 cm. The baryon can be directed through a bent 
crystal lattice with large effective magnetic fields. Implanted silicon detectors can 
be used to measure the track. The magnetic moment of the S + has been measured 
using crystal channeling as a demonstration of this method.5 8 

6 Searches for New Phenomena 

The fixed target experiments provide many opportunities to search for new phe
nomena even though these experiments are not at the high energy frontier. Searches 
are performed through precision measurements of electroweak parameters as dis
cussed above and through direct searches for processes unpredicted or forbidden 
by the Standard Model. 

This discussion will focus on experimental tests for neutrino oscillations; how
ever, other searches deserve comment. Limits on forbidden 7r° and KL decays 
have been published this year by the E799. For example, n° -> yte*, which is 
a lepton number violating process, has been ruled out to the level of 8.6 x 10" 9 

(Ref. 65). Also, the neutrino experiments recently have set limits for leptoquark 
and neutral heavy lepton production.66 

Neutrino oscillations refer to transitions between the neutrino species, vc ++ v^, 
Vf, ++ vT, and vt <-)• uT, in analogy with flavor mixing in the quark sector. The 
oscillation between two neutrino species is described by two parameters: o, which 
represents the mixing between the mass eigenstates and the species eigenstates, 
and Am 2 = m*2

 — mlu which is the squared mass difference between the two 
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Figure 8: Limits on neutrino oscillations from short baseline detectors. Present 
limits are indicated by the solid line. The dashed line shows E803 sensitivity. 

species. The probability of oscillation is given by 

P{yi -» H) = sin2 2a sin 2(1.27Am 24), (6) 
a 

where L is the path length from production to detection of the neutrinos in kilo
meters and E is the neutrino energy in GeV. 

For large values of Am 2, Eq. 6 reduces to i sin2 2a. Hence, experiments with 
neutrino beams of small path length, "short baseline," can still be sensitive to 
oscillations with small mixing angles. Large L, "long baseline," experiments are 
sensitive to the term containing Am 2, even for small mass differences. 

Massive neutrinos have been invoked to explain various mysteries, including 
the closure of the universe, the atmospheric neutrino deficit, and the solar neutrino 
problem.6'6 7 A theoretical prejudice of astrophysics is that the mean density of the 
universe is equal to the critical density, thereby "closing" the universe. If so, then 
90% of the matter is "dark" as opposed to "visible." Neutrinos with small masses 
could account for some of the dark matter. The atmospheric neutrino deficit refers 
to the observation of fewer than expected muon neutrinos from cosmic-ray proton 
interactions in the atmosphere. Oscillations of v^ H- vT could explain the deficit. 
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Finally, the solar neutrino problem, the apparent deficitof i/,,'sfrom the sun, could 
also be explained by oscillations. 

Portions of the regions in Am 2-sin 22a space which are of interest for the 
cosmological and atmospheric neutrino questions are accessible to accelerator ex
periments if very large samples of neutrinos can be acquired. The upgraded Main 
Injector will produce 3 X 10 1 3 protons every 1.9 seconds, resulting in the most 
intense'neutrino beam ever created. Hence, Fermilab is an ideal place to base 
these studies.6 

6.1 The Short Baseline Program 

E803, the short-baseline experiment, will search for the appearance of e r 's in a 
beam of t^ 's . 6 8 The neutrino beam will travel approximately 1 km before hitting 
an emulsion target. The experiment searches for the charged-current interaction 
uT + h -¥ T + X in the emulsion by observing the kink in the tracks from the r 
decay. The design of E803 is similar to its predecessor, E531, 6 9 and its competi
tor CHORUS at CERN.7 0 An emulsion target is followed by tracking chambers 
in a magnetic field for precise momentum measurements. A series of chambers 
following a hadron absorber allows muon detection. The technique of detecting 
vr events in emulsion will be tested in the next fixed target run by the beam-
dump experiment E872.71 This experiment may provide the first observation of 
uT interactions. 

The short baseline makes E803 sensitive to low values of sin2 2a but not low 
values of Am 2 . The proposed range for E803 is shown in Fig. 8. Recent improve
ments in scanning technology may permit even better sensitiviiy for E803. This 
is compared to the limits from E531 and to results from CDHSW, a neutrino deep 
inelastic scattering experiment which took data at CERN in 1983.72 CHORUS is 
expected to set limits which are approximately an order of magnitude better than 
E531 and an order of magnitude less than E803. 

6.2 The Long Baseline Program 

A long baseline experiment would be sensitive to the region of sin2 2a- Am 2 space 
where the atmospheric neutrino deficit has piqued interest. If one interprets the 
observed deficit73 as a signal for oscillation, then the most probable values for the 
parameters are Am 2 « 10" 2 and sin2 2a « 0.69.6 Figure 9(a) indicates the allowed 
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Figure 9: Limits on neutrino oscillations from long baseline detectors, (a) The 
solid line shows allowed region, * is "best value," and the dashed line shows 
excluded region, (b) Expectations for the Soudan 2 detector. 

region by the solid lines. The dashed lines indicate regions which have been ruled 
out by various experiments.7 2'7 4 

Although a long baseline program has been approved at Fermilab, neither the 
site nor the design of the experiment has been determined. As a result, the exact 
regions which will be probed in sin2 2a and Am 2 space have not been determined. 
The far detector is expected to be at least 100 km from the FNAL site and to have 
a mass of more than 10 kt. Options which have been presented include using the 
Soudan (Minnesota), DUMAND (Hawaii), and 1MB (Ohio) sites.7 5 Figure 9(b) 
indicates the limit expected from the Soudan 2 detector. 

A long baseline detector allows both appearance and disappearance experi
ments. The appearance experiment would be designed to look for vT interactions. 
The disappearance experiment would look for an unexpected reduction in the v^ 
flux. A disappearance experiment uses two detectors: one with a short baseline 
which measures the original flux and one with a long baseline which measures 
the final flux. After corrections, a difference in flux measurements would indicate 
oscillations. One clever idea which reduces systematic errors on the corrections is 
to measure the ratio of neutral- to charged-current interactions in the near and 
far detectors rather than relying on absolute flux measurements.76 
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7 Conclusions 
The purpose of this discussion is to give the reader a flavor of the Fermilab Fixed 
Target Program. The program is thriving, with the following impact; 

• Some of the fixed target results are competitive with measurements from the 
collider or from other laboratories. Disagreements between measurements of 
almost equal accuracy of the same parameters, as in e!/e, emphasize the need 
for further exploration. 

• Some of the results are complementary to the collider and other programs. 
One example among many is the hadron structure measurements, which, 
used in conjunction with results from the Fermilab collider and from HERA, 
provide the foundation for our understanding of the parton distributions. 

• Some of the results are unique. For example, the NuTeV neutrino experi
ment, which will run in 1996, will provide the only direct measurement of 
the parameter p, which is sensitive to many sources of new physics. 

• All of the results are timely and exciting. 

The breadth and depth of the FNAL program make it unique among the 
fixed target programs at the various HEP laboratories. The experiments address 
important topics. Within each topic, several experiments attack the issues from 
various viewpoints. In the upcoming run, this program continues in the same 
spirit, with experiments that continue to address the issues outlined here. The 
Main Injector Upgrade will herald a renaissance of fixed target experiments at 
Fermilab, probing the most fundamental issues of our field. 
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ABSTRACT 

This article reviews the rare kaon decay program at Brookhaven Na
tional Laboratory. There are currently three experiments dedicated 
to rare kaon decays. They were all launched in the mid-eighties. In 
order to take full advantage of the AGS booster, they either devel
oped into new experiments or underwent significant upgrades during 
the last three years. Their past history, current results, and prospects 
for the future are presented. 
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1 In t roduc t ion 

Kaons, as the lightest meson beyond the up-down isodoublet, played an outstand
ing role in the formulation of the standard model of electroweak interaction. The 
observed decay modes currently span over nine orders of magnitude and thus 
present a unique system to study particle physics phenomena. 

The latest round of rare kaon decay experiments was initiated at Brookhaven 
National Laboratory (BNL) in the mid-eighties. They took data between 1988 
and 1991. With the higher kaon flux made possible by the AGS booster, these ex
periments either underwent signficant upgrades or led to new experiments, which 
are now ready to take data. This second phase is expected to last until the end 
of the decade. 

In the following,we first give a theoretical motivation for rare kaon decays* and de
scribe briefly some characteristics of kaon decays. Then the current three rare kaon 
decay experiments at BNL (E791/871, E777/851/865, and B787) are presented. 

1.1 Theoretical Motivation for Rare Kaon Decays 
Rare kaon decays are of special interest for several reasons, among them: 

• Search for phenomena outside the Standard Model: 
Processes that are either forbidden or heavily suppressed within the Standard 
Model are interesting places to look for phenomena outside the Standard 
Model. Of particular interest are lepton flavor violating processes, which 
address the family problem of particle physics. The idea is, in analogy 
to the Kix2 decay, the lepton flavor violating process is mediated by a heavy 
horizontal gauge boson (see Fig. 1): 

These experiments probe extremely high mass scales, e.g., for B{Ki -+ (ie) < 
3.3 • 10~ n leads to a mass limit of the heavy boson of 

MH > 90 TeV/c2 , 

*For recent review articles, see Refs. 1 and 2. 

whereas it should be stressed that a coupling strength for the horizontal 
gauge boson must be assumed in order to obtain a mass limit (normally 
gji ^ gw)-

H 

d 

Figure 1: Feynman diagram for Ki —> fie, mediated by a heavy horizontal gauge 
boson. 

• Study of short distance "Standard Model" physics: 
Some rare kaon decays allow the extraction of Cabibbo-Kobayashi-Maskawa 
(CKM) matrix elements.! 

• "High statistics" study on "medium rare" kaon decays: 
As the sensitivity of a given rare kaon decay mode is increased, other (less 
rare) decay modes are often accessible with relatively high statistics. In the 
ideal case, they are of considerable interest themselves, e.g., in the framework 
of chiral perturbation theory. Examples for these decays are K+ —> 5r +e +e~, 
K+ -» 7r+/i+/t~, I<+ ~* 7r+77,or KL -* /J+/*~- In the worst case, these 
processes are tricky sources of background. 

1.2 The Alternating Gradient Syncrotron at BNL 
The Alternating Gradient Syncrotron (AGS) at BNL is used as the kaon source. 
The machine accelerates protons to 24 GeVand has a diameter of 257 m. It was 
commissioned in March 1960. Its operation mode for the kaon experiments is a 
slow extracted beam, meaning a spill duration of 1.3-1.8 sec every 3 sec. Its peak 
intensity in 1994 was 4 • 10 1 3 p/spill, the highest proton intensity ever achieved. 

tThe CKM matrix3 describes the mixing between the flavor and mass eigenstates in the quark 
sector. One possible representation (due to Wolfenstein) is given below and shows the order of 
magnitude between the elements (A is the Cabibbo angle): 

/ l -A 2 /2 A AX3(p-i<l) \ 
VCKM=\ -A l-A J /2 AX3 

\AX3{l~p-it]) -A\* 1 / 



1.3 Experimental Consideration for Kaon Decays 
Some characteristics for kaon decay experiments should be recalled before describ
ing the experiments. Due to the long lifetime of the kaons, the decay region is 
well-separated in space from the production region (in marked contrast to, say, B 
decays). The kaons, produced as a secondary beam by a proton beam, are in most 
cases outnumbered by other particles (pions, neutrons). Due to the big variety of 
kaon decay modes, the experiments can normally use well-known decay modes for 
calibration and normalization purposes. The last step in the analysis is typically a 
two-dimensional plot of effective mass of the final state particles (close to the kaon 
mass for the signal) versus their direction (collinearity angle, sum of transverse 
momenta, which is normally close to zero for the signal). 

2 E791 —Search for KL -+ /xe 
The experiment E791* searched for the lepton flavor violating process Ki —* fte. 
The neutral beam passed through an 8.4 m long evacuated decay tank and entered 
the detector (Fig. 2), which consisted of a two-arm spectrometer. Five drift 
chambers (each with two x and two y measurements) between two analyzing 
magnets were used as tracking devices. The pr kick (300 MeV/c) of the two 
magnets was of equal magnitude but opposite sign, such that the original angle 
between the two tracks was restored after the second magnet. Electron particle 
identification was done with a Cherenkov counter (gas mixture of He and N?) and 
a lead glass array. Muons were identified with a muon hodoscope downstream of a 
0.91 m thick iron wall and a two-arm muon range finder consisting of marble and 
aluminum plates interspersed with x and y drift tube planes. The latter provided 
a range measurement corresponding to a 10% momentum measurement. Fast 
trigger signals were given by the muon hodoscope behind the iron wall, trigger 
scintillators before and after the Cherenkov counter, as well as the Cherenkov 
counter itself. The geometrical acceptance of the detector for the main physics 
decay mode of this experiment A't —> fie was 4.6%. 

*E791 was a collaboration of the University of California-Irvine, University of California-Los 
Angeles, Los Alamos National Laboratory, Stanford University, Temple University, University 
of Texas-Austin, and the College of William and Mary. 
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The main physics background for KL -»fte is the decay KL -* irei/ (branching ra
tio 38%). There are two distinct cases: the first is a misidentification of the pion 
as a muon, which gives a kinematic endpoint of 8.4 AfeV below the kaon mass. 
This has to be compared with the achieved mass resolution of KL —> 7r+7r~ cali
bration events of 1.4 MeV. However, tracking errors can move this background 
closer to the signal region, thus the importance of redundant and precise tracking 
information. The second source of background is a double misidentification of the 
pion as an electron and the electron as a muon. Due to the wrong mass assignment, 
this background can extend into the signal region. Other backgrounds like overlap 
of events, etc., are estimated to be of minor importance. 

A blind analysis of the data taken in 1989 and 1990, combined with the earlier 
result based on 1988 data, yielded no candidates in the signal region (Fig. 3). 
The CP violating decay KL —* ;r+7r~ was used for normalization and an upper 
limit of 

BR(Kh -> lie) < 3.3 • 10 _ " 90% CL 

was obtained. This is the highest sensitivity ever achieved in a rare kaon decay 
experiment. 
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Figure 3: . E791-Invariant mass of the /xe pair vs. transversal momentum squared 
for the final event sample. 
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The decay KL —• l^f-' is a flavor changing neutral current, suppressed! within 
the Standard Model by the quark mixing. The amplitude for KL -* p+n~ has 
two contributions: (1) A real dispersive part, which is the sum of long- and short-
distance diagrams [Fig. 4]. (2) An imaginary absorptive part, dominated by the 
two-gamma intermediate state (Fig. 5), yielding a lower bound of 6.81 • 10 - 9 

for KL —» H*n~. Knowledge of the short-distance contributions can be used to 
extract the CKM matrix element p (if mt is known). However our current limited 
knowledge of the long-distance part does not allow us to obtain stringent limits. 

The main backgrounds for KL -* H*H~ are KL -* nev and KL —* irjiv. They 
can be subtracted from the signal. E791 reported 707 events (Fig. 6), yielding a 
preliminary branching ratio of5 

B(KL -» p " V ) = (6.86 ± 0.37) • 10"°, 

very close to the unitarity limit quoted above. 

The related decay KL —* e + e _ is suppressed by the helicity of the electron to 
an expected branching ratio of the order of 1 0 _ n . No candidates were found, 
yielding an upper limit of6 

B{KL "-» e + o T i T l • 10" l T 90% d . 

t More precisely: Flavor changing neutral currents would be strictly forbidden within the Stan
dard Model if the quark masses were all equal. However, due to the quark mass differences, they 
are possible but heavily suppressed. This property makes them a sensitive test for the Standard 
Model as well as a window for new physics. 
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Figure 4: Short distance contributions to KJJ —• /i+/i7 

Figure 5: Two-gamma intermediate state diagram for Ki —• ii+p~ 
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Figure 6: E791. Search for KL -> / i + p~. (a) Reconstructed Jcaon mass vs. 
coJiinearit)' angle squared, (b) Reconstructed kaon mass. 



E871 
Motivated by the success of E791, an upgrade as experiment E871 is underway.* 
The experimental goal is the search for KL —» /xe at a sensitivity of 1 0 - 1 2 

(corresponding to a mass scale of 200 TeV/c2 for a hypothetical horizontal gauge 
boson as discussed above). In addition, 10,000 n+/i~ will be accumulated and the 
decay KL —*• e+e~ might be seen. 

The upgraded detector (Fig. 7) has an improved beam (factor of four), larger de
cay volume and magnet aperture (factor of two), and various detector component 
upgrades. Small straw chambers with fast gas are used for the tracking in the 
upstream part of the detector. The pr kick of the two magnets is now such that 
the tracks for two-body decays are parallel in the downstream part of the detec
tor. This gives a strong trigger constraint. A notable feature of E871 is the beam 
plug in the middle of the detector, where the neutral beam is stopped. It reduces 
the rates in the downstream tracking chambers and particle identification devices. 
E871 had its first engineering run in the summer of 1994 and is expected to take 
data for the next three years. 

3 E 7 7 7 - Search for K+ -* Tr+^+e" 

The experiment E777* searched for the rare kaon decay K+ -* w+ii+e~. This 
lepton flavor violating decay mode is complementary to the previously described 
mode Ki —> lie (E791) as it is sensitive to scalar and vector interaction, whereas 
KL -* lie is sensitive to pseudoscalar and axialvector interaction. 
E777 searched experimentally for the charge combination 7r+//+e~. This has the 
experimental advantage that only a few electrons are present in the decay of a 
K+ (the biggest source of e~ are Dalitz decays of ir°). 

JE871 is a collaboration of physicists from University of • California-Ir rine, Stanford University, 
University of Texas-Austin, and College of William and Mary. 
*E77T was acollaboration of BNL, PSI, the University of Washington, and Yale University. 
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The experiment used an unseparated 6 GeV/c beam (2-108 particles per spill, 
of which 5% are K+). Approximately 11% of the K+ decayed in the 5 m long 
evacuated decay tank (Fig. 8)., The detector was a two-arm spectrometer. A 
first magnet sweeped the charged kaon decay products out of the beam. Four 
MWPC around a second magnet were used for tracking. The particle identi
fication devices in the two arms of the spectrometer were different. The right 
arm of the spectrometer was optimized for vetoing positrons and had two COi 
Cherenkov counters and an iron/proportional tube muon range finder. The left 
side was optimized for identifying electrons and had two Hi Cherenkov counters. 
A lead scintillator calorimeter extending to both arms was also used for particle 
identification. 
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Figure 8: Detector ol E777. 
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There are three main sources of background in the search for K+ -> ir+fi+e~. 
(1) K+ -¥ 7T+ ;r0 decay followed by the Dalitz decay it" -* e + e"7 and particle 
misidentification.(2) K* -* x°ii+v with Dalitz decay of the ir° and misidentifica-
tion of the e + as a 7r+. (3) K+ —» ir+ir~ir+ with particle misidentification/decay 
and tracking errors. 
K+ -> w+ it~ 7r+ decays were used for calibration and normalization (Fig. 9). 
No K+ -* ir+fi+e~ candidates were found, yielding an upper limit of7 

B(K+ - • T T V O < 2.1 • 10- 1 0 90% CL. 

This limit restricts a hypothetical horizontal gauge boson to a mass bigger than 
57 TeV/c2. Note that this limit is less stringent than the one for Ki —• pe, due 
to the longer KL lifetime and the additional phasespace of two-body over three-
body decays. 

E 8 5 1 : K+ - » TT+e+e" 
The E777 collaboration also searched in a dedicated run for the rare kaon decay 
K+ —•• 7r +e +e~ (E851). This decay, a flavor changing neutral current, is of special 
interest in the context of chiral perturbation theory {xPT) in order to study the 
e +e~ decay spectrum and extract xPT constants.8 These can then be used to 
predict other decay rates. In particular, K+ -> 7r +e +e~ can help to disentangle 
the various CP allowed and forbidden contributions to the decay KL -+ jr°e+e~t 
Extracting the short-distance contribution of K+ -> j r + e + e" (Fig. 10), one en
counters the same difficulties as in KL -* /<+/i", namely, the interesting short-
distance contributions are buried under long-distance ones. 

E851 found a total of 500 K+ -> 7r+e+e~ (Fig. 11). Assuming a vector in
teraction, a branching ratio of9 

B(K+ -»Tr+e+e") = (2.75 ± 0.23 ± 0.13) • 10"7 

was obtained. 
E851 also published a branching ratio of jr° -» e +e~ (Ref. 10). 

tMore precisely, it can be related to the indirect CP violating part of the decay Ki -• jr°e+e -. 
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Figure 10: (a) Short and (b) dominant long-distance contributions to K+ -*• it+l+l~ 
(I for lepton, e, ft). 
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E865: K+->ir+ti+e-

The experiment of E865* (Fig. 12) is the extension of E777 with the goal to reach 
a sensitivity of 3 • 10~1 2 for the decay K+ -* 7r +/i +e", an improvement of a factor 
of 70 over E777. The upgrades include a new beam line (higher flux and less halo, 
which were the main limitations of E777), larger spectrometer acceptance, new 
tracking devices, and Cherenkov counters. The muon identifier now covers the 
entire downstream region. 
In addition, 50,000 K+ —> 7r +e +e~ are expected to be accumulated, which allow 
•detailed study of the e +e~ spectrum. With special runs or modest upgrades, the 
experiment could search for CP violation in K* -> :r±7r~7r+ or for the muon 
polarization in K+ —> ir+n+ft~ (see below). 
E865 had its first engineering run in the summer of 1994. 

4 E787— Search for K+ -+ ir+uu 
The experiment E787* searches for the flavor changing neutral current K+ —> 
•K+I/V. This decay mode is predicted by the Standard Model to occur at a level 
of a few 10~1 0. The long-distance contributions to this decay are expected to be 
much smaller than the short-distance ones (Fig. 13) due to the presence of two 
neutrinos in the final state. This is in marked difference to the previously discussed 
decays KL —> l*+H~ and K+ —> 7r +e +e~, which are long-distance dominated. Thus 
K+ —»ic*vV is a unique probe of short-distance physics. In particular, the CKM 
matrix element | Vtd | can be extracted with little theoretical uncertaintyT out of 
the branching ratio. However, this comes at the price of detecting a decay mode 
at a level of 10~ 1 0. This very low branching ratio, on the other hand, also offers 
a window for exotic physics. An observation of K+ -4 7r+w7 outside the Standard 
Model prediction would clearly be a sign for new physics. 

*A collaboration of Basel, BNL, INR-Moscow, JINR-Dubna, New Mexico, PSI, Pittsburg, 
HEPI-Tiblisi, Yale, and Zurich. 
*E787 was originally a collaboration of Broolchaven, Princeton, and TRIUMF. It was later 
joined by DfS-Tokyo and KEK. 
' I Vtd I could theoretically also be obtained from B — ~B mixing, but this method suffers from 
:onsiderable theoretical uncertainties. It is the very absence of these uncertainties that make 
K+ -* Tr+vV such an attractive way to obtain | Vtt |. 
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Figure 12: E865 detector. 
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Figure 13: Short-distance contributions to K+ —»?r+i/F. 

The detector (Fig. 14, Ref. 11) is a collider-like symmetric detector in a solenoid 
with a field of 10 kG. The K+ are stopped in the center of the detector in a scintil
lating fiber target, which allows the reconstruction of the event at the kaon decay 
vertex. Around the target is a drift chamber, followed radially by a range stack 
consisting of 21 layers of 2 cm thick scintillators, read out on the upstream and 
downstream end by phototubes. A barrel veto and two endcaps serve as a photon 
veto and complete the 4w solid angle coverage. 

The decay signature of K+ -* T&VV is one pion and nothing else. The ir+ from 
x*vV have a kinematic endpoint of 227 MeV/c, which is between the fixed mo
mentum of the two-body decays K+ -» ir+JT° (205 MeV/c) and K+ -> ti+v (236 
MeV/c). E787 concentrates its search in the momentum region between these 
two decays, where no other ir+ from K+ decay is expected other than from ir+uT>. 

The pions are required to stop in the range stack. Transient digitizers ("flash 
ADC") are attached to the range stack PMT's and sample the charge at the PMT's 
every two ns. This allows the observation of the decay signature 7r+ -* fi+ -* e + 

(Fig. 15). A muon rejection of 1.3 • 106 has been achieved. Photon vetoing is 
important for the K+ —»7r+5r° decay background. A ir° detection inefficiency of 
10~6 has been achieved. A combined analysis of the data taken in 1989, '90, and 
'91 (Fig. 16) gave a preliminary upper limit of 

B(K+ -»TT+i/T/) < 3.0 • lO"9 90% CL. 

For the related decay K+ -*• x+X°, where X° is a missing massless new particle, 
a preliminary upper limit is reported 

B(K+ -* v+X°) < 6.1 • 10- 1 0 90% CL. 
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E787 Rare Kaon Decay 

( a ) Chcrenlcov Cmatar 

aO0KaT/«K+ 

(b) 

Figure 14: E787 detector, (a) Detector with endpiates separated from magnet, 
(b) Experimental idea for the search of K+ -> n+vv. The kaon stops in the 
target and the decay pion is required to stop in the range stack, where the decay 
sequence ir+ -¥ fi+e+ is observed in order to identify it as a pion. 

K+ -> Tr+n+fJ,-
E787 also searches for the rare kaon decay K+ —* 7r+/t+fi~, which is related to 
the previously discussed decay K+ —• 7r+e+e~. The short-distance contributions 
to K+ —• 7r+/z+/i~ are, as in the case K+ —> 7r +e +e -j hidden by the long-distance 
one-photon exchange diagram (Fig. 10). However, a parity-violating asymmetry 
in the polarization of the muon is predicted due to the interference of the long-
and short-distance diagrams. 
E787 requires in its search for K+ —• 7r+/i+/i~ that all three particles leave the 
scintillating fiber target and two of them reach the range stack. The main back
ground is Kci decays K+ -> ir+ir~e+f and is subtracted from the signal (Fig. 17). 
Thirteen candidate events have been found. 
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Figure 15: E787: Pion identification using the PMT pulse shapes of the pion stop
ping counters. Left: Double-pulse signature of stopping pions with an overlayed 
pulse due to t ie pion decay jr + —> /i +v. (a) Fit to two pulses.{b) Fit to one pulse. 
Right: Observation of the subsequent muon decay /x+ 

range stack layers. 
e+uv in four adjacent 

E787 is also searching for the 
limits on the decays12 

rare kaon decay K+ —• ;r +77 and published 

B(7T° -> 7X) < 5.0 • lO"4 90 % CL 
B(TT° -> w) < 8.3 • 10- 7 90 % CL. 

E787 underwent considerable upgrades in the last three years, replacing or 
upgrading virtually every subdetector except the barrel veto; A new target has 
been built (less dead material and higher light yield) and a new drift chamber. 
The range stack segmentation readout has been increased and the lead scintillator 
endcap has been replaced with pure Csl crystals. The experiment had its first 
engineering run in the new configuration in the summer of 1994. With the up
graded detector, a single-event sensitivity of 10~ 1 0 should be reached and the first 
K* -> it+vv events might be seen. 
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Figure 16: E787. Range vs. energy ofn+ from K+ -> n+uP. (a) Data, (b) Monte 

Carlo. 

«J" 
t 1 I I 

s 5" * 
u " 
12 -
10 * 
• 

• 
4 : • 
2 . , 

.LttJalttttttUt . 1 . . . . 1 — 

JM j n « « w 4a MO • » no i n MO 

Figure 17: E787.K+ -> Jr +p +/i~. Efiectj've three-body mass vs. sum of the 
transverse momentum squared for the final candidates. Thirteen candidates are 

found in the signal region (inner box). 



5 Conclusion 
The Brookhaven rare kaon decay program, launched ten years ago, has successfully 
completed a first phase, pushing limits on rare kaon decay to the 10~ 9-10~ n level. 
Considerable upgrades were done in the last three years with the goal to take 
full advantage of the AGS booster and to pushing down these limits by at least 
another order of magnitude. The future of the high energy physics program at 
the AGS is currently unclear. The RHIC collider (relativistic heavy ion collider) 
comes into operation in 1999. However, RHIC is designed to coexist with the high 
energy physics operation of the AGS, and there is thus a great potential for future 
experiments waiting to be realized. 
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1. Introduction 
For the past few decades, several experiments in the field of particle astrophysics 

have been performed using large detectors and deep underground facilities. Many of 
these experiments have already produced significant results and, at the same time, 
have posed new questions to be investigated. The Super-Kamiokande project 
represents the next generation of large deep underground detectors. The significantly 
increased fiducial mass and the improved resolution of the detector will allow for 
measurements with increased sensitivity for nucleon decay, solar neutrinos, 
atmospheric neutrinos, and supemovae neutrinos. In this manuscript, an overview of 
the project is presented in Sec. 2. Sections 3 and 4 review the current experimental 
situation and expectations of Super-Kamiokande for a nucleon decay search and a 
measurement of the atmospheric neutrino flux, respectively. 

2. Description of the Super-Kamiokande Project 
Super-Kamiokande is a 50,000-ton ring-imaging water Cherenkov detector 

currently under construction at a depth of 2700 meters water equivalent (mwe) in the 
Kamioka Mozumi mine in Japan. A schematic representation of the detector is 
shown in Fig. 1. It consists of a stainless steel tank in the shape of a right circular 
cylinder, 39 m diameter and 41 m height, filled with purified water. The detector is 
optically segmented into an inner volume (34 m diameter, 36 m height) and an outer 
(anticoincidence) region of 2.5 m thickness on the top, bottom, and sides of the inner 
volume. The inner detector is viewed by lT,200~photomultiplier tubes (PMT's) of~ 
50 cm diameter, uniformly distributed on the inner boundary giving 40% 
photocathode coverage. This extraordinary photocathode coverage and time 
resolution (2.5 ns at 1 p.e.) allows the detector to attain an energy threshold of 5 
MeV and a vertex resolution of 10 cm for processes such as p -> e+n°. For through-
going muons, the PMT configuration yields an angular resolution of -1°. The total 
mass of water inside the inner detector PMT surface is 32,000 tons. The fiducial 
mass for the proton decay search, defined to be 2 m inside the PMT plane, is 22,000 
tons allowing for partial lifetime sensitivities of > 103 4 years for several modes. 

The outer annulus of the detector is an anticoincidence region used to tag entering 
muons and low-energy components as well as to attenuate low-energy gammas and 
neutrons which cause background in the sensitive volume. It also compliments 
calorimetry in the inner detector by measuring the energy loss due to exiting particles. 
This outer detector region is viewed by 1860 PMT's of 20 cm diameter with 
wavelength shifter plates in the style of IMB-3. The walls of the anticoincidence 



region are made reflective to enhance light collection. The PMT's are mounted facing 
outwards on the same superstructure as the 50 cm PMT's of the inner volume. Also, 
an optical barrier is mounted on the same structure to separate the inner and outer 
regions. 

2.1 Comparison with Other Experiments 
The largest water Cherenkov detector (3300-ton fiducial mass) previously built 

was the Irvine-Michigan-Brookhaven (1MB) detector located in the Morton Salt 
Company Fairport Mine in Ohio. 1MB operated successfully from September 1982 
until April 1991, placing significant constraints on the nucleon lifetime into 35 
possible decay modes. In addition, important results were published on atmospheric 
neutrinos, neutrino oscillations, neutron-antineutron oscillations, and monopole 
catalysis of nucleon decay. A highlight of 1MB was the first detection of neutrinos 
from a supernova, SN1987A. 

A second large water Cherenkov detector (1040-ton fiducial mass) is the 
Kamiokande experiment in Japan which commenced operation in July 1983 and 
continues even now. In addition to the same physics addressed by 1MB, the large 
photocathode coverage of Kamiokande allowed for triggering on low-energy events 
(7.5 MeV) which resulted in the first direct, real-time observation of neutrinos from 
the sun. The observation of neutrinos from SN1987A, simultaneous with 1MB, 
provided the first test of standard supernova theory with regards to neutrino 
production during collapse. 

In Table 1, the physical parameters of Super-Kamiokande are listed in comparison 
with those of Kamiokande-Ul and IMB-3. With seven times larger fiducial mass and 
ten times the photocathode coverage of 1MB, Super-Kamiokande will explore 
nucleon lifetimes to >10 3 4 years with a few years of running. The increased 
discrimination of showering and nonshowering events will greatly improve studies of 
particular nucleon decay modes and the atmospheric neutrino spectrum. 

In Table 2, the detector performance parameters of Kamiokande-III, IMB-3, and 
Super-Kamiokande are compared. Energy and position resolutions are significantly 
improved, an essential feature for the elimination of background and the detection of 
low-energy interactions. These features will allow Super-Kamiokande to have 
sensitivity for detection of solar, atmospheric, and supernova neutrinos above a 
threshold of 5 MeV. 
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Table I: Comparison of the physical parameters of large water 
Cherenkov detectors. 

Parameters Kamiokande III EVIB-3 Super-Kamiokande 

Total Mass 4,500 tons 8,000 Tons 50,000 Tons 

Fiducial Mass 11,040 Tons 3,300 Tons 22,000 Tons 

Total Size, 16 m x 19 m Dia. 22x17x18 m3 41 m x 39 m Dia. 

Depth 2,700 mwe 1,570 mwe 2,700 mwe 

#ofPMTs 958 2040 13,000 

PMT Timing 4 ns 11ns 2.5 ns 

Photocathode 0.2 0.04 0.4 

Anti-Counter 1.5 m sides none 2.5 m all surfaces 

Table 2: Comparison of the performance parameters of large water 
Cherenkov detectors. 

Parameters Kamiokande III IMB-3 Super-Kamiokande 
Threshold 5.2 MeV 15 MeV 4 - 5 MeV 
Energy Resolution 3.6%WE 3%NE 2.6%HE 
Position Resolution 15 cm 35 cm 10 cm 
Angular Resolution 2.7° 5° -1° 
e/u. Separation 0.98 0.92 0.99 

H Decay Detection 0.88 0.8 0.95 



3. Nucleon Decay 
Nucleon instability, expected at some level in many extensions of the Standard 

Model, still offers a unique probe in searches for the ultimate theory of interactions. 
In this respect, the observation of nucleon decay would have more significant and far-
reaching consequences than those from experiments seeking to fill existing gaps in 
the Standard Model, for example, by finding the top quark or the Higgs. The lifetime 
of the proton depends on the scale of grand unification as determined by the 
convergence of the three fundamental running coupling constants at a single point at 
very high energy. Recent measurements of these coupling constants at LEP1-2 have 
resulted in much better predictions of the proton lifetime than was previously 
possible. These lifetimes are within the reach of a detector the sire and resolution of 
Super-Kamiokande. 

Super-Kamiokande will be the largest nucleon decay detector ever constructed. In 
terms of its sensitive mass (22,000 metric tons), it is larger than the sum of the 
fiducial masses of all the other detectors ever built (NUSEX, Soudan I, 1MB, 
Kamioka, Soudan n, Frejus, and KGF; see Table 3). Super-Kamiokande will not only 
have seven times the fiducial volume of 1MB, it will also have ten times the light 
collection capability. This will result in a substantially higher efficiency for low-light 
level decay modes. When coupled with lower background rates from atmospheric 
neutrinos (due to better energy and track resolution), this will lead to at least an 
order-of-magnitude increase in nucleon decay detection sensitivity for most decay 
modes. It is this ten-fold improvement that will allow Super-Kamiokande to test 
theories (such as Flipped SU(5) x U(l)) that predict proton decay in the range 10 3 3 - 3 5 

years. 

Table 3. Comparison of nucleon decay detector masses. 

Detector Mass (kiloton) Exposure (kt-yr.) 

1MB 3.3 12.1 (I, II, ffl) 
Kamiokande 0.8-0.9 4.9(1,11) 

KGF 0.06-0.16 0.8 (I, II) 

Frejus 0.55 1.6 

Soudan II 0.8 not yet published 
Super-Kamiokande 22.0 under construction 

3.1 The Standard Model Framework 
In the Standard Model, interactions between the elementary fermions are 

mediated by three forces: electromagnetism, the weak force, and the strong force. 
These forces arise from fundamental local gauge symmetries of nature, as represented 
in the form of the covariant derivative: 

Dn = &V - igi^Bn - ig2|w; - ig 3^G*. 

Each of the three gauge terms is characterized by a (multicomponent) vector field (B, 
W, or G); an internal symmetry structure [with generators Y for U(l), t for SU(2), 
and X for SU(3)]; and a scalar coupling constant (gi, g2, and g3). 

The vector fields correspond to spin-one bosons (one for each degree of freedom 
in the internal space) which mediate the interactions between the fundamental 
fermions (i.e., quarks and leptons). Parity violation in weak interactions is introduced 
by having the SU(2) term act only on left-handed fermions (arranged in doublets) and 
not on right-handed fermions (arranged in singlets), and also by assuming a different 
Y for the left- and right-handed states. Parity conservation is restored in 
electromagnetic interactions when the W° and B fields mix to form the y and Z fields. 
It is this framework of electroweak mixing that has served as a blueprint for more 
extensively unified models which predict nucleon instability. 

Though the W and Z have been found at the predicted masses, a true confirmation 
of the Standard Model (complete with Higgs mechanism) would be the discovery of 
the physical Higgs boson. This would also shed light on the nature of the fermion-
Higgs couplings. Hopefully, this will happen within the next decade at next-
generation accelerators, though there is no guarantee that the Higgs will be within 
their range of sensitivity. Lack of any direct experimental evidence for the Higgs 
mechanism is a most serious hole in the Standard Model. 

Nucleon instability is a natural consequence of models which attempt to extend 
the Standard Model to unify the strong and electroweak forces. In almost all models, 
the Higgs mechanism is invoked to give the intermediate vector bosons of the theory 
(which can mediate proton decay) a very large mass. In supersymmetric (SUSY) 
models, the Higgs particles can themselves mediate nucleon instability, giving, in 
general, different favored decay modes. Thus, discovery of proton decay could 
provide experimental evidence for an operable Higgs mechanism and help fill the 
experimental void that exists in support of this central feature of electroweak 
unification and the Standard Model. 



The success in explaining much of the character of low-energy particle 
interactions by describing them in terms of local gauge symmetries (each with its own 
gauge coupling parameter and vector boson multiple!) leads naturally to the question 
of why these specific separate symmetries are the ones nature has selected to be 
respected. Perhaps they are part of a larger local gauge symmetry. Supporting such a 
hypothesis is the fact that the individual coupling constants of the Standard Model 
have an energy dependence, governed by the renormalization group equations, which 
cause them to evolve in such a way as to converge somewhere in the energy region of 
10'5 GeV. 

There are good theoretical reasons to believe that protons might decay into lighter 
particles. Firstly, there is no fundamental gauged symmetry in the Standard Model 
associated with either baryon number or lepton number which would lead to their 
conservation, thus ensuring proton stability. Secondly, the observed baryon 
asymmetry of the universe (i.e., more matter than antimatter) implies that baryon 
number is not conserved at some level, if one makes the assumption that the Big Bang 
baryon number of the universe was zero. Thirdly, in many SUSY theories, there are 
scalar Higgs particles which can mediate proton decay; thus the proton lifetime may 
be measurably short, even if the GUT energy scale is so high as to virtually exclude 
vector-boson mediated decay. 

Under SU(5), it was possible to make a relatively accurate prediction of the proton 
lifetime and branching ratios.3 The proton mean lifetime was predicted to be 10 2 9 ± 2 

years with the dominant branching ratio being to the lightest lepton and meson, e+n°. 
This prediction was ruled out by the first results from 1MB in 1983. Current results 
from 1MB set a lower limit on this decay lifetime divided by a branching ratio of 
8.4 x 10 3 2 years. The possibility of grand unification gains credence in light of recent 
LEP experiments which have allowed for new determinations of Mz, a S l and sin2 8\v 
leading to much more precise measurements of electroweak and strong coupling 
constants at the Mz scale. As shown by Amaldi et a/.,'-2 the LEP measurements 
have allowed for more conclusive extrapolations to high energies in search of the 
unification scale. It was found that in a nonsupersymmetric Standard Model with 
only one Higgs doublet, the convergence of coupling constants at a single point is 
excluded by more than eight standard deviations (see Fig. 2). With additional Higgs 
doublets, unification can be obtained; however, this unification is at a scale 
conflicting with the experimental limits on the nucleon lifetime. 
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The results from LEP, coupled with limits on nucleon stability, demonstrate that 
the idea of a single-point unification of the coupling constants is too simple-minded 
and stands in need of correction. Either there is no desert between the electroweak 
and GUT mass scale or GUT is broken in several steps. Since 1986, other GUT 
models have produced a broad range of possible nucleon lifetimes. Nevertheless, the 
recent precise LEP measurements now confine the nucleon decay lifetime range for 
many models to a region just above and close to the current experimental limits. 

3 ' • 
0 Z < 6 S 13 12 I* 18 18 

o q u l C c v l 

Figure 2. Evolution of the three coupling constants: (a) in the minimal 
Standard Model using Mz and cx̂ Mz) from world averaged data, (b) in 
the minimal SUSY model (MSUSY has been fitted by requiring 
crossing of the couplings in a single point). Figure taken from paper 
by U. Amaldi et al.z 



The inconsistency of the minimal SU(5) model with the observed values of 
sin2 6w and the lower limit on proton lifetime brings forward some new features 
related to the probing of grand unification through proton decay. To begin with, this 
inconsistency must not, of course, be interpreted as evidence against the basic idea of 
grand unification. This is because, as pointed out by several authors 1 - 6 beginning in 
the 1980s (in fact, prior to the recent observations), some well-motivated extensions 
of minimal SU(5) lead to values of sin2 6w and t p which are higher than those of 
minimal SU(5), both in accord with the recent data. 

In the supersymmetric extension of the Standard Model with a minimal Higgs 
sector of two doublets, a single convergence point is obtained in the extrapolations of 
the running coupling constants measured at LEP by fitting both the unification scale 
MQUT and t n e SUSY breaking scale MSUSY (Fig- 2). For the fitted value of 
MOUT = 10 1 5- 8 * °-3 * °-' GeV, the nucleon lifetime was estimated to be 
1034.5±i.2 years, if the decay is dominated by gauge boson exchange. This is within 

the 10 3 4 year sensitivity of Super-Kamiokande, though the entire "vector-boson-only" 
range is not completely covered. 

3.2 Current Experimental Status 
Although candidate nucleon decay events have been observed, no experiment has 

yet found evidence for nucleon decay above the expected neutrino backgrounds. The 
recent generation of detectors has included two types: fine-grain tracking 
calorimeters and very large water Cherenkov detectors. For nearly every decay mode 
examined, these detectors (1MB and Kamiokande) have placed the most stringent 
limits on the nucleon lifetime. This section provides a brief summary of the current 
status; more detailed reviews of the recent results can be found in Refs. 7 and 8. The 
results presented here for IMB-3 are preliminary as analysis of the final 1MB data 
continues. 

The decay mode that has received the most attention, both theoretical and 
experimental, is p -> e+n°. The most recently published result from 1MB on this 
decay mode9 was based on data through 1988 covering 376 days of IMB-3 livetime. 
It set a partial lifetime limit for p -» e+n° of 5.5 x 10 3 2 years at a 90% confidence 
level when data from the IMB-1 detector are included. Since then, an additional 
448 days of data in IMB-3 have been accumulated. Preliminary analysis of this 
sample indicates that there is no p -> e+ji° decay candidate. These accumulated data 
in 1MB restrict the proton's lifetime into this decay mode to be at least 8.4 x 10 3 2 

years. Neither the Kamiokande nor the Frejus experiments have observed a candidate 
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for this mode. Thus, a combined lower limit on the partial lifetime based on the 
world's data is 1.2 x 10 3 3 years. 

Supersymmetric unified theories tend to favor the decay mode p -»vK+. Kaons 
resulting from proton disintegration would decay at rest either to vu+ (63%) or n°n* 
(21.2%). For the kaon decay into vn+, four candidates with compatible muon energy 
were found in a subset of the IMB-3 data. Without subtracting background, these four 
events imply a lower limit to the partial proton lifetime of XB ^ 1.0 x 103 1 years. The 
K + -> 7t°it+ channel, though with a small branching ratio, produces more light due to 
the two ys from the n° decay; the presence of the TI+ is inferred by detection of the 
delayed u + decay. Two events were found to be compatible with this decay mode in 
IMB-3 data; however, each event had a collapsed Cherenkov ring indicating the 
presence of a recoil proton as expected from a neutrino interaction. Thus there are no 
p -> vK + , K + -» n°x+ candidates so the proton's partial lifetime must be 
T B ^ 5 . 7 x 10 3 1 years. Preliminary analysis of more data increases the limit to 
8.3 x 103 1 years. The current Kamiokande lower bound for the p -»vK+ decay mode 
is 1.0 x 10 3 2 (five candidates), and the Frejus limit is 0.15 x 1031 with one candidate. 
These candidates are all compatible with the expected neutrino background so there is 
no evidence for supersymmetric nucleon decay. 

A general analysis that works for all nucleon decay modes begins by noting that a 
nucleon that decays does so nearly at rest. The daughter particles should have a total 
energy of about 1 GeV and should be emitted to balance their momentum. However, 
a particle's energy that is visible in a detector, especially a Cherenkov detector, is 
often less than its total energy. The total visible energy is the quantity of interest for 
each event. A parameter known as anisotropy, defined as the normalized average 
direction of the flow of visible energy in each event, is used to estimate the degree of 
momentum imbalance in the event; the anisotropy should be near zero for a well-
balanced back-to-back event and near one for an event with a single visible track. 
Detailed simulations of the particle's interactions in the detector and the detector's 
response are required to determine the range of parameters possible for each nucleon 
decay mode of interest. The results of this preliminary analysis are presented in 
Table 4. Results for a variety of modes from IMB-1 and IMB-2 are found in 
Refs. 10 and 11. 



Table 4. Selected nucleon decay partial lifetime lower limits (90% C.L.) set 
by 1MB using visible energy and anisotropy cuts. Also given is the best limit 
from the other nucleon decay experiments. 

Mode T/Br 
IMB-3 

(xlO 3' yr.) 

T/Br 
IMB-1+2 
(X103I yr.) 

T/Br 
Other Expts. 
(xl03l yr.) 

p-»e+k°(K° s -»n°7i°) 

p-»e+k°(K°i ->7t<W>) 

11 

6.1 

8.3 20 

p -»e+ri (T| -» neutrals) 

p->e +r|(r|-» charged) 

16 

2.9 

20 14 

p -»e + p 3.0 3.2 7.5 

p -> e+co (co -> n+mfi) 

p -» e+to (to -»7t°Y) 

11 

1.8 

5.6 4.5 

p-»e+Y 20 46 13 

p -> u+jt° 16 27 23 

p->U + K°(K°|-> n < W ) 

p->H + K°(K° s -» it+ir) 

p-»H+K°(K 0

s->Ji°* 0) 

11 

7.6 

0.4 

7.6 12 

p->u,+^(r)-» neutrals) 

p -»|X+ti (ri -» charged) 

13 

1.4 

8.0 7 

P -> H W " 17 21 20 

p -»e + e + e- 31 51 50 

n->vK° 1.4 2.4 8.6 

n-»vri 4.1 4.5 5.4 

n -> vco (to -> n+n-rc°) 

n -> vo) (co -> JI°Y) 

1.8 

0.5 

20 4.3 

For some decay modes, it is possible to make a more discriminating selection of 
nucleon decay candidates by deducing the invariant mass and residual momentum of 
the particles in the event. This is possible for those events with widely separated 
tracks because then each track's momentum can be unambiguously measured, 
Table 5 shows preliminary results, based on a subset of the IMB-3 data, using this 
analysis for some selected decay modes. The candidates are located among the wide 
angle two-prong events that constitute a small fraction (- 3%) of the data sample. For 
the selected events, invariant masses and residual momenta are calculated assuming 
all possible particle hypotheses for each track. This analysis usually has slightly 
poorer efficiency due to the stringent requirements on the track identification; 
however, in reducing the measured (and expected) neutrino background, it often 
produces better limits on the nucleon's partial lifetime. 

Table 5. Nucleon decay partial lifetime lower limits obtained with the 
invariant mass analysis from IMB-3. 

Mode No. of 
Candidates 

No. of 
Bkgd. 

T/Br 
IMB-3 

(x 10 3 ' yr.) 

T/Br 
IMB-1+2 
(x 1031 v r . ) 

T/Br 
Other Expts. 
(x 1031 yr.) 

p-+H-*7 0 0.2 25 38 16 

n -> e+?r 0 0.4 4.8 10 13 

n -» H+JI- 2 0.7 4.6 6.3 10 

p-> u+co 1 0.6 1.6 4.2 5.7 

p->u + P 3 1.5 4.1 3 12 

There is currently no compelling experimental evidence for nucleon decay above 
expected neutrino backgrounds into any mode tested so far. On the other hand, many 
of the decay modes in question remain background free or nearly background free. 
Therefore, there is a clear need for a much larger detector with improved resolution to 
continue the search. The preceding section showed that there are sound theoretical 
reasons to expect that the proton is not absolutely stable. Current unified theories 
predict the exciting possibility that the proton's lifetime may be well within the 
discovery potential of Super-Kamiokande. 



3.3 Sensitivity of Super-Kamiokande 
In their searches for nucleon decay over the last decade, the two largest detectors 

have collected data corresponding to a total exposure of 17.7 kt-yr (kiloton-years): 
11.5 kt-yr for 1MB and 6.2 kt-yr for Kamiokande. According to a preliminary 
analysis of the total 1MB sample plus a 3.76 kt-yr sample of Kamiokande data, no 
candidate for a p -> e+n° decay was found; this yields a lower bound on the proton 
lifetime of 1.1 x 10 3 3 B years, where B is the branching ratio into this particular decay 
mode. In five years of running, Super-Kamiokande will achieve an exposure of 
110 kt-yr. This will correspond to a sensitivity to -10 3 4 years for the decay modes 
which give clear signals above the atmospheric neutrino background. 

IMB-3 observed atmospheric neutrino interactions in contained events at a rate of 
121 ± 4 (stat) kt-yr 1 and Kamiokande II in fully contained events of 
87 ± 6 (stat) kt-yr1. Our Monte Carlo estimates that the events observed in IMB-3 
constitute 69 ± 7% (syst) of all the atmospheric neutrino interactions which produce 
particles detectable by the water Cherenkov technique. This leads to an estimate of 
176 detectable interactions occurring in water per kt-yr. This estimate is free of 
uncertainties in the neutrino fluxes and total cross sections, but is subject to an 
uncertainty of- 10% in the MB-3 experimental event-saving efficiency estimate. 

It can be conservatively estimated that the neutrino background for p -> e+it° is 
less than 0.1 event per year (90% C.L.) of Super-Kamiokande livetime. Assuming an 
overall event-saving efficiency of 60%, one can get a lower bound on 
TB= 1 x 10 3 4 years if no candidate is found after five years of livetime or 1.9 times 
lower if one candidate is found. The expected sensitivities of the Super-Kamiokande 
experiment to other interesting nucleon decay modes are presented in Fig. 3. The 
published experimental lower limits on the nucleon lifetime are also shown. Table 6 
shows the current lifetime limits for several representative two-body decay modes 
while Table 7 shows similar numbers for two-body decay modes with a neutrino in 
the final state. Included in both tables are estimates of the sensitivity which could be 
reached by Super-Kamiokande after several years of operation. 
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Figure 3. The expected sensitivities of the Super-Kamiokande 
experiment to various interesting nucleon decay modes are indicated 
by hatched areas. The lower limits on the nucleon lifetime from 
various experiments are shown as indicated in the legend. 



Table 6. Current proton decay partial lifetime lower limits for some 
representative two-body modes compared with the sensitivity expected 
for Supcr-Kamiokandc. 

Decay Mode 90% C.L. Upper 
Limit 

(x 1031 y r . ) 

Detector 

p -»e+n° 84 
26 

1000 

1MB 
Kamiokande 

Super-Kamiokande 
p -> e+n° 20 

14 
600 

1MB 
Kamiokande 

Super-Kamiokande 
p -> e+w° 11 

4.5 
90 

1MB 
Kamiokande 

Super-Kamiokande 
p -»e+p° 3.2 

7.5 
90 

1MB 
Kamiokande 

Super- Kamiokande 
p -> e+K° 11 

15 
100 

1MB 
Kamiokande 

Super-Kamiokande 
p -» \1+K° 27 

23 
1000 

1MB 
Kamiokande 

Super-Kamiokande 
P -> u + n ° 13 

6.9 
600 

1MB 
Kamiokandc 

Super-Kamiokande 
p -> |i+K0 11 

12 
300 

1MB 
Kamiokande 

Super-Kamiokande 
p -»n +p° 4.1 

11 
90 

1MB 
Kamiokande 

Super-Kamiokande 
p -> n+co° 4.2 

5.7 
90 

1MB 
Kamiokandc 

Super-Kamiokande 
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Table 7. Current partial lifetime lower limits for modes with a 
neutrino in the final slate compared with the capability of Super-
Kamiokande. 

Decay Mode 90% C.L. Upper Limit 
(x 103" yr.) 

Detector 

p-» V7t+ 2.5 
60 

Kamiokande 
Super-Kamiokande 

p - » v p + 1.4 
2.7 
60 

1MB 
Kamiokande 

Super-Kamiokande 

p-»vK+ 5.7 
10 
100 

1MB 
Kamiokande 

Super-Kamiokande 

4. Atmospheric Neutrinos 
While atmospheric neutrinos present a background to some physics searches 

(e.g., proton decay and extraterrestrial neutrino astronomy), they are a rich source of 
physics in their own right. The atmospheric flux covers a broad range of neutrino 
energies from tens of MeVs to tens of TeVs and beyond. These neutrinos travel 
distances from 10 km to 10,000 km. This section will briefly discuss the current 
status of atmospheric neutrino studies. 

4.1 Theoretical Situation 
Atmospheric neutrinos are generated in cosmic ray interactions in the atmosphere. 

A cosmic ray (either proton or nucleus) interacts producing a cascade of secondaries; 
the secondaries (typically pions and kaons) may either interact again or decay. This 
cascade continues until the primary's energy is dissipated in the atmosphere, primarily 
by ionization. 

Some approximate predictions can be made from this simple picture.12 The first 
is that the neutrino energy spectrum will follow the power-law primary spectrum. In 
such a cascade, the number of positively charged secondaries will be nearly equal to 
the number of negatively charged secondaries. Thus, if we assume that all low-
energy pions decay, 

it+ -> n+ + vn 
i t - -> p. - + v u . 



and that their muon secondaries also decay, 
H+ -»e + + v c + Vu 

|X~ -»e" + ve + v ,̂ 

simple counting of the daughters allows the conclusion that 
(v u+ vfu)/(ve+ Ve) = 2/1 and (v/v-) = 1/1. 

These estimates are born out by the sophisticated Monte Carlo calculations of the 
atmospheric flux. 

With the advent in the 1980s of new underground detectors designed for proton 
decay searches, it was necessary that refined calculations of the atmospheric neutrino 
flux and spectrum be made. In particular, it was necessary to extend the calculations 
to lower neutrino energies; at high energies, (semi-) analytic calculations can be used. 
The new calculations were needed to accurately describe the physics that occur in the 
cascade over a very broad energy range and is difficult to model analytically. 
Physical processes, such as kaon production or resonance formation in pion 
interactions, must be included. Thus, rather sophisticated Monte Carlo simulations 
were made by several different groups. As with any calculation of a secondary 
neutrino beam, the atmospheric neutrino calculations have various uncertainties. 
Some of these, such as the composition and flux of the primary cosmic rays, are 
common to all of the calculations. Other uncertainties, for example, the physics 
assumptions in the interaction model, are not common to the different calculations. It 
is estimated that the total uncertainty in the absolute neutrino flux calculation is about 
20%. 

At low neutrino energies (100 MeV-10 GeV), three different calculations of the 
expected flux and spectrum have been performed.13 While a detailed comparison of 
the results from these calculations is beyond the scope of this paper, a few remarks 
are in order. The different calculations predict absolute neutrino rates that vary by 
about 30% in the extreme. However, the predicted relative rate of electron- and 
muon-neutrino interactions varies by only a few percent. Table 8 illustrates this 
point; using the different neutrino calculations, the absolute number of events 
predicted in IMB-3 varies substantially, while the predicted fraction of events that are 
identified as muon-neutrino interactions does not vary. This is because both the 
predicted muon- and electron-neutrino fractions and the predicted shape of the 
neutrino energy distributions are very similar in all calculations. 
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Table 8. Comparison of the absolute rate of single-ring events in 
IMB-3 within a restricted particle momentum range for various 
authors' flux calculations. 

Flux 
Calculation 

vjt-like rate 
(day-') 

Fraction 
vc-like rate 

(day-') 
Fraction 

Lee 
Gaisser 
Honda 

0.31 
0.40 
0.35 

6.51 
0.50 
0.51 

0.30 
0.40 
0.34 

0.49 
0.50 
0.49 

At higher energies (10 GeV-10 TeV), four different calculations have been 
made.14 Because at high energies the model of particle interactions is simpler, 
analytic and semianalytic calculations can be used (e.g., Volkova, Butkevich) as well 
as Monte Carlo based calculations. Like the lower energy calculations, the high-
energy calculations have common uncertainties. Additionally, because these high-
energy events are observed as neutrino-induced muons entering the detector from 
below, other uncertainties, such as the nucleon's structure function and the muon's 
propagation and energy loss in rock, become important. Thus, again the absolute rate 
of entering neutrino-induced muons is quite uncertain, this time by about 25%; 
however, since the neutrino energy spectrum is much better determined, the fraction 
of those muons that stop in the detector is well-calculated. 

4.2 v u and v e Separation 
The flavor of the parent neutrino is determined by identifying the lepton type 

produced in the interaction. Two methods have been used to discriminate between 
electron- and muon-neutrino induced events: the first is to observe the muon's decay 
and the second is to examine in detail the nature of the particle tracks. 

The first, and conceptually the simplest, method is to record muon decays that 
occur after the event in question. (Not all detectors have the ability to recognize the 
low energy electrons from stopped muon decay.) If the muon decays can be recorded, 
this method can help distinguish between events with and without a muon. However, 
this method may suffer from some deficiencies. Negative muons can be captured and 
therefore be lost. In addition, a pion in an event can decay, producing a muon whose 
delayed decay is then observed. Thus, neutral current events, due to either electron-
or muon-neutrinos that produce pions, can appear to be muon-neutrino induced. 



The second method is more efficient but also more complicated. This pattern 
recognition approach in water Cherenkov detectors utilizes the difference between an 
electron's showering track and a muon's minimum ionizing track as these particles 
pass through the detector. This method can also be fooled by pion production in 
neutral current events; however, some detectors have the ability to identify and 
discard such events. 

4.3 Experimental Results 
As described above, neutrinos produced in the atmosphere by cosmic ray 

interactions give rise to two types of recorded events in large underground detectors: 
contained and external (or entering). 

Atmospheric electron- and muon-neutrinos of average energy - 1 GeV, which 
interact within the detector volume, produce contained events. Contained event rates, 
which depend on the energy threshold and geomagnetic latitude of a detector, as well 
as solar activity, are typically 0.5 kr 1 d->. 

Atmospheric muon neutrinos of energy > 4 GeV, which make muons via charged 
current interactions in the Earth surrounding the detector, produce external events. 
Muons from external events enter the detector from all directions. Because of the 
abundant flux of atmospheric muons entering the detector from above the horizon, 
only upward-going external events can be reliably attributed to atmospheric muon 
neutrinos. Upward-going muon event rates, which depend primarily on a detector's 
muon energy threshold, are typically 0.3-0.4 nv2 yr 1 . 

4.4 Recent Results (E v - 1 GeV) 
This section reviews recent results on contained events. A more detailed 

discussion can be found in Ref. 15. Large samples (> 100) of contained events have 
been collected by two general types of detectors. The rates have been consistent with 
the expected interactions of atmospheric neutrinos. Because no conclusive evidence 
for nucleon decay has yet been observed, these samples have been wholly attributed 
to atmospheric neutrinos. The possibility that events from other sources have been 
observed cannot be excluded, however, due to the large uncertainty (+ 20%) in the 
prediction of the absolute rate of atmospheric neutrino-induced events, as discussed 
above. 

One class of detectors is ring-imaging water Cherenkov detectors. They provide 
the largest samples of atmospheric neutrino-induced events. These massive detectors 
employ water both as an inexpensive target material and the detection medium. They 
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use many photomultiplier tubes to sample Cherenkov radiation produced by 
relativistic charged particles. Water Cherenkov detectors operate as total absorption 
calorimeters. Massive particles, such as u* and n*, must be above Cherenkov 
threshold (~ 180 MeV/c) to be detected. Reliable discrimination between massive 
and showering (e*, v) particles is possible with sufficient Cherenkov light collection 
(> 1 pe/MeV). Particle direction is unambiguous but vertex resolution is relatively 
poor(~l m). 

Small samples of contained events are available from iron tracking calorimeters. 
These neutrino detectors require volume-intensive instrumentation, limiting their size, 
but providing excellent spatial resolution (- 1 cm) and reconstruction of particle 
tracks. Particle types are inferred from their range and ionization yield. A particle's 
direction is often not determined in these detectors. 

4.5 Results from 1MB 
The IMB-1 detector recorded 401 contained events during an exposure of 

3.77 kt-yr extending from September 1982 to June 1984. These data provided an 
early measurement of the atmospheric neutrino spectrum and composition.16 The 
fraction of events having an identified muon decay, which indicates the content of 
muon- and neutrino-induced events in the sample, was 26% ± 3%. Simulated data 
predicted 34% ± 1%. This was the first reported indication of a possible problem 
with the atmospheric neutrino flavor composition. Separation of single- and multiple-
ring events and identification of particle types in IMB-1 was not efficient enough to 
warrant more sophisticated analyses of flavor composition. 

The IMB-3 detector began operation in May 1986 after an upgrade in sensitivity 
to Cherenkov light. The added light collection allowed more efficient detection of 
muon decay, a lower trigger threshold, separation of single- and multiple-ring events, 
and particle identification. By March 1991, an additional 935 contained events were 
collected during an exposure of 7.7 kt-yr. These data provided a more precise 
measurement of the atmospheric neutrino spectrum and particle content.17 The muon 
decay fraction of this sample was 37% ± 2%. Simulated data based on an 
independent model of the atmospheric neutrino flux predicted 44% ± 1%. The muon 
decay deficiency suggested in IMB-1 data was also seen in the IMB-3. 

A more sensitive test of the neutrino flavor composition in the atmospheric flux 
differentiated between nonshowering and showering particles (in single-ring events) 
using a pattern recognition method. These results confirmed an apparent deficit of 
muon neutrinos interacting in the detector. The number of nonshowering, single-ring 



events, as a fraction of the total number of single-ring events, in IMB-3 was 
36% ± 2 % (syst) ± 2% (stat). The prediction, based on simulated data, was 
51% ±5% (syst) ± 1% (stat). Again, a shortage of muon-neutrino induced events was 
apparent (see Fig. 4). 
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Figure 4. Momentum distribution of showering and nonshowering 
events observed in the IMB-3 detector. 
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4.6 Results from Kamiokande 
The Kamiokande detector has collected 557 events in 6.18 kt-yr of exposure.18 

Although smaller than 1MB, its resolution is better and its energy threshold is lower 
due to a greater sensitivity to Cherenkov light. A subset of these data were the first to 
be analyzed using single-ring event separation and particle identification by pattern 
recognition. Similar deficits of muon decays and v^-induced events are observed in 
the Kamiokande data. They observe a fractional rate of nonshowering events of 
49% ± 4% while they expect 61%. Table 9 compares the IMB-3 and Kamiokande 
data. 

Table 9. Summary of contained events from IMB-3 and Kamiokande. 

IMB-3 
#Evts. 

IMB-3 
Fract. of Total 

Kamiokande 
#Evts. 

Kamiokande 
Fract. of Total 

Observed 1-Ring 507 - 310 -
Monte Carlo 1-Ring 525 - 333 -
Observed )X Decay 168 0.33 112 0.36 
Monte Carlo u. 
Decay 

223 0.43 162 0.49 

Obs./MC u. Decay - 0.77 + 0.06 - 0.73 ± 0.07 
Observed e-like 325 0.64 159 0.51 
Monte Carlo e-like 257 0.49 128 0.38 
Observed (i-like 182 0.36 151 0.49 
Monte Carlo (1-like 268 0.51 205 0.62 
Obs./MC |i-like - 0.71 ±0.05 - 0.79 ±0.06 

4.7 Results from the Frejus Experiment 
The Frejus detector collected 188 events.19 All events with visible energy greater 

than 200 MeV and an identified lepton are used to measure the ratio of charged 
current events due to electron- and muon-neutrinos. Neutral current events are 
identified in this analysis. These data do not show a deficit of v^-induced events. 
They measure a fraction of muon-neutrino induced events, compared with the 
expected 1.0 ± 0.1. On the other hand, the number of events recorded in Frejus is not 
sufficient to conclude that these data are in disagreement with that from 1MB and 
Kamiokande. Furthermore, the Frejus trigger efficiency is - 50% at 500 MeV, which 



is a much higher threshold than in the water Cherenkov detectors. The lower energy 
data, called fully contained events by the Frejus collaboration, exhibit a slight deficit 
of muon-neutrino induced events, though statistically consistent with their overall 
result. 

4.8 Results for E v ~ 100 GeV 
External events can be used to monitor the flux of atmospheric vM at energies 

typically 100 times higher than that of contained events. The direction of an upward-
going muon is well correlated with that of its v^ parent. The distribution of zenith 
angles, which peaks at the horizon due to the increased decay length in the 
atmosphere, is sensitive to possible distortions due to neutrino oscillations. The 
detectors provide limited information on the energy spectrum of external events, thus 
limiting the deduced information on the neutrino spectral shape. Large samples of 
external events have been collected by three experiments. Two are the large ring-
imaging water Cherenkov detectors mentioned above. The other is a telescope 
constructed of scintillation counters (Baksan). The 1MB detector recorded 617 
upward-going muon events during an exposure of 1444 m 2 yr. This corresponds to a 
flux of 2.54 ± 0.10 (stat) x 10-'3 cm-Vsr 1 above a muon energy threshold of 
-1.2 GeV. The predicted value, which is based on a hybrid of the Volkova and Lee 
and Koh flux models, is 2.46 ± 0.49 (syst) x 10"13 cm- 2s-'sr'. Information about the 
neutrino energy spectrum is provided by measuring the fraction of upward-going 
muons which stop inside the detector. The measured stopping fraction is 
0.138 ± 0.014 (stat), while simulations predict 0.140 ± 0.005 (stat). 

4.9 Possible New Physics: Neutrino Oscillations 
One obvious explanation of the apparent dearth of muon-type events is neutrino 

flavor oscillations. Oscillations between neighboring neutrino families is 
theoretically preferred. Muon-neutrino to tau-neutrino oscillations will most 
effectively rid the observed atmospheric neutrino events of a muon-like component; 
however, v e -> v^ oscillations are also possible. Recently, this issue was addressed15 

in detail. Based on the assumption that v '̂s disappeared into tau-neutrinos (that do 
not make a visible interaction at these energies), the postulated parameters (sin2 29 
and 8m2) were used to predict the oscillated composition observed in the detector. 
See Ref. 18 for the oscillation allowed region of sin2 29 and 6m2. 

While the case can be made for neutrino oscillations as the solution to the 
atmospheric neutrino problem, this explanation is not without its own deficiencies. 

More convincing evidence for neutrino oscillations would be found in either the 
observed neutrino energy spectrum (low energy neutrinos oscillate earlier) or in their 
zenith angle distribution (downward-going neutrinos may not have had a chance to 
oscillate due to their short path length); however, there is no statistical evidence that 
the observed deficit of muon-like events depends on either zenith angle or energy. 
These dependencies are not required but would have provided proof that oscillations 
were observed. 

Further, the upward-going external muon-neutrino induced events would most 
likely show evidence for oscillations. Although at higher energies, these neutrinos 
have all traveled great distances. Yet, the rate, zenith-angle, and energy distribution 
of these events are as expected from predictions.20 These facts place limits on the 
possible neutrino-oscillation parameters. The available parameter space left ranges 
from about 3 x 10-3 to 3 x 10-' eV2 in 8m2 and from 0.4 to 0.8 in sin2 29. 

4.10 Atmospheric Neutrinos in Super-Kamiokande 
The size of Super-Kamiokande is very important for refined measurements of the 

atmospheric neutrino flux and composition. The 1MB detector recorded about one 
contained atmospheric neutrino event/day of operation whereas Super-Kamiokande 
will record about seven. Systematic uncertainties will dominate the statistical 
uncertainty in Super-Kamiokande but the improved statistics will allow the data to be 
cut into different classes for systematic studies. However, it is not only size that 
separates Super-Kamiokande from the previous generation of underground detectors. 
The pattern recognition method of particle identification now suffers due to modest 
light collection (about 1-5 p.e./MeV) and vertex resolution (- 1 m). Thus, the 
efficiency for correct particle identification in IMB-3 was slightly better than 90% 
and in Kamiokande it is about 98%. The enhanced light collection (7 p.eVMeV) and 
improved vertex resolution (~ 0.1 m) will mean the particle identification efficiency 
will be greater than 99%. Other properties of Super-Kamiokande are important for 
the study of atmospheric neutrinos. The muon decay detection efficiency, for n + , in 
IMB-3 was about 80% and in Kamiokande it is 87%. However, the faster electronics, 
better light collection, and lower energy threshold in Super-Kamiokande will allow a 
u + decay to be identified 95% of the time. This will mean that this simple method of 
determining the particle identification will be about as efficient as the current pattern 
recognition methods. 



5. Conclusion 
Recent developments in the quest for grand unification are encouraging for 

experimental searches for nucleon instability. Unification is expected in an energy 
region which implies a nucleon lifetime close to the values being currently probed. 
Theory, however, does not provide us with any definite guideline about a preferred 
decay mode. Depending on the unification model, the dominant decays may lead to a 
lepton and a pion or to a neutrino and a kaon. It is clear that the relatively small 
coverage of light sensors in 1MB restricted the quality of our results for those decay 
modes where a better Cherenkov image of a massive particle with low velocity 
would be vital. This applies to all the decays leading to charged pions in the final 
state. Even if a pion is produced at relatively high energy, as in two-body decay 
modes, the nuclear interactions inside the oxygen nucleus and during its passage 
through water decrease its final light output. 

Some decay modes, e.g., p -> e+n°, are still easily selected from the background. 
We expect less than 0.1 background events/year for p -» e+n0 decay. In order to 
probe the broadest possible range of expected nucleon partial decay rates for the 
background-free modes, the increase in the fiducial volume and detection livetime 
represented by Super-Kamiokande is vital. However, for most decay channels, an^ 
effective background rejection becomes of major importance. It is seen in the tables 
presented earlier that very few decay modes have zero candidates. Due to the soft 
spectrum of atmospheric neutrinos, many recoiling protons, as well as many charged 
pions, remained invisible with the M B detector light sensitivity. The observation of 
images from particles just above their Cherenkov thresholds will greatly reduce the 
number of events considered as candidate nucleon decays. 

Better energy resolution will also improve the signal to background ratio. The 
invariant mass analysis would be more effective in selecting the potential nucleon, 
decay candidates from the continuous neutrino interaction background. An improved 
energy resolution is essential for identifying monoenergetic muons of 236 MeV/c 
momentum that unambiguously signal a decay of a kaon resulting from any (p or 
n) -» lepton + K + decay. A unique identification of kaons is particularly interesting 
because they are very unlikely products of the soft atmospheric neutrino interactions. 
Super-Kamiokande will have better energy resolution than either 1MB or Kamiokande 
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due to its increased light collection and ability to calibrate efficiently from low-energy 
electrons. In conclusion, there are strong theoretical and experimental motivations to 
extending the nucleon decay searches begun in the 1980s by 1MB and Kamiokande. 

The underground measurements of the atmospheric neutrino spectrum and 
composition are in good agreement. The disagreement between these measurements 
and the theoretical predictions is, however, statistically quite significant. The cause 
of the disagreement must thus be either an unidentified systematic effect in the flux 
calculation, neutrino model, or detector simulation, or some new physics. 

Investigation of systematic effects (the neutrino model or detector simulation) 
requires controlled experiments. Such experiments include a charged particle beam 
test and a future neutrino beam test. Both of these tests use a large water Cherenkov 
detector at KEK. Isolation of potential systematic problems with the neutrino flux 
calculations will require, among other things, much more atmospheric neutrino data 
to search for energy, zenith angle, or other effects that might indicate the nature of the 
problem. 

- The unambiguous confirmation that the atmospheric neutrino problem is the result 
of some exciting new physics will require a vast increase in the size of the neutrino 
event sample. The most compelling explanation involving new physics is that 
neutrino oscillations are causing the v^'s to disappear before they reach the 
underground detectors. Several complimentary approaches are likely to be required to 
completely probe this possibility. One approach would use the greater statistics in the 
neutrino sample, along with greatly improved resolutions and particle identification 
efficiencies of Super-Kamiokande, to allow a detailed systematic search for possible 
energy or path-length deviations that would indicate neutrino oscillations. 

Another approach that will be used to attack this problem will be accelerator-
based, long-baseline neutrino oscillation experiments. Because of the range of 
neutrino masses implied by the atmospheric anomaly, such an experiment will require 
that the neutrino beam energy and path length satisfy L/E 2: 100 km/GeV. Such 
possibilities are being investigated in proposals at FNAL, BNL, and CERN for long-
baseline neutrino experiments. A ~ 1 GeV neutrino beam from KEK pointed at 
Super-Kamiokande would fulfill this requirement with the added advantage of using 
an existing, well-understood, very large detector with excellent resolution. Super-
Kamiokande provides a unique opportunity to study atmospheric neutrinos in detail. 
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ABSTRACT 

Gamma-ray bursts are currently perhaps the most mysterious phe
nomenon in the universe, once thought to originate on neutron stars 
in the plane of our galaxy. The BATSE instrument on CGRO does not 
observe the key prediction of this hypothesis; the data favor a pop
ulation of sources either at cosmological distances or in an extended 
galactic halo. In this review, I present the observations upon which 
this mystery is based and discuss the major controversies in the study 
of this phenomenon. 
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1 Introduction 
Gamma-ray bursts are transient events lasting from less than a second to several 
minutes, which originate outside our solar system. The sources of this emission 
radiate predominantly at ~ 1 MeV with emission detected between 1 keV and 
IS GeV, yet no simultaneous emission at energies below the x-ray band and no 
quiescent radiation at any energy has been observed. In the years between the 
announcement in 1973 of the discovery of gamma-ray bursts by the Vela nuclear 
verification satellites1 and the launch of the Compton Gamma-Ray Observatory 
(CGRO) in April 1991, a consensus had developed that bursts originated on local 
neutron stars (see Higdon and Lingenfelter2 for a pre-CGRO review of the ob
servations and theory). The Burst and Transient Source Experiment (BATSE) 
was placed on CGRO to verify the local neutron star paradigm and study the 
related phenomenology. However, BATSE has not observed the predicted signa
tures of a local neutron star population, turning these poorly understood events 
into perhaps the most mysterious astrophysical phenomenon. 

In this review, I summarize BATSE's discoveries and the controversies over 
the interpretation of the BATSE data. Since I am a member of the BATSE team 
specializing in burst spectroscopy, this review will emphasize the observations 
rather than provide a detailed discussion of the theories which have been advanced 
to explain these observations. Over 100 different theories have been proposed 
since bursts were discovered (some of these theories are developed and discussed 
in multiple papers),3 and therefore, a review of the current theories is likely to 
be of only short-lived interest, whereas the observational facts will (hopefully) 
only be elaborated upon by detectors with better temporal, spectral, and spatial 
resolution. The literature on gamma-ray bursts is vast, with over 2000 papers 
since the initial discovery,4 and therefore, I can reference only a few representative 
examples; I apologize to my many colleagues whose papers I have omitted. Further 
details can be found in recent conference proceedings5 - 7 and review articles.8 ,9 

This review is an expanded version of a review that appears elsewhere.10 

To express its own concepts, every field has its own vocabulary, which is re
garded by the uninitiated as "jargon." I have tried to minimize the use of unusual 
terms and define those which I find to be necessary. Thus, a "hard" spectrum 
has more photons at higher energy compared to a "soft" spectrum. Our detectors 
count individual photons, but because of the less than perfect quantum efficiency 
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and uncertainty in the photon's energy, a detection is called a "count" and not a 
"photon." 

2 Soft Gamma-Ray Repeaters 
The origin of one type of gamma-ray burst has recently been identified. Before 
BATSE, the only known repeating burst sources were three "soft gamma-ray re
peaters" (SGRs) which generally produce short duration bursts with lower energy 
emissions than classical bursts (i.e., all bursts other than SGRs), although the 
parameter range characterizing classical bursts overlaps with that of the SGRs. 
In addition, the SGRs repeat whereas whether classical bursts repeat is currently 
controversial. 

The repeater SGR 0525-66 (astronomical sources are frequently identified by 
their celestial coordinates) is coincident with the Crab-like supernova remnant N49 
in the Large Magellanic Cloud (LMC);" the first event identified from this SGR 
was the incredible burst of March 5, 1979, which began with a sharp spike and 
ended with 25 cycles of an eight-second periodicity (the only definitive periodicity 
detected thus far). The superposition of the error box of the March 5 event on 
N49 suggested a physical link, although the distance to the LMC was at the time 
considered problematic because of the large energies the burst would then have 

-radiated (~ 4 x 10 4 4 erg). Crab-like remnants are filled with emitting plasma 
which is energized by a young pulsar; the archetype is the Crab Nebula which is 
powered by the Crab pulsar (hence the name of this type of remnant, which is 
also called a "plerion"). On the other hand, the usual type of supernova remnant 
is a shell of radio and optical emitting shocked gas where the blast wave from the 
explosion collides with the surrounding interstellar medium. 

Recently, the Japanese x-ray telescope ASCA observed an x-ray transient from 
a second Crab-like remnant which occurred simultaneously with a burst from the 
SGR 1806-20 detected by BATSE;12 quiescent x-ray emission was also detected 
from this source. These ASCA observations appear to have definitively connected 
SGRs with Crab-like remnants. To complete this association, the third source, 
SGR 1900+14, is near two Crab-like remnants. 

Thus, SGRs almost definitely originate on galactic (or near-galactic in the case 
of the N49 SGR in the LMC) neutron stars. Whether SGRs are an extreme of a 
continuum of classical burst phenomena, or whether they constitute an indepen-



dent class, is currently debated (a workshop on the topic is planned). Because 
of this controversy regarding their relationship to classical bursts, 1 will not draw 
any conclusions about classical bursts from the phenomenology of SGRs. 

3 BATSE and Its Operation 
The BATSE detectors are Nal scintillation counters and are therefore quite sim
ple by the standards of modern experimental high energy physics. Only reliable 
and well-established detector technologies are used for space-borne instruments 
because of the large costs and long lead times in developing and launching these 
instruments, and the difficulty of repairing the detectors once launched (as shown 
by the recent repair of the Hubble Space Telescope). In a Nal detector, the high 
energy photon is absorbed in the Nal crystal, which then reradiates a fraction of 
the absorbed energy as optical photons. Photomultiplier tubes convert the light 
into an electrical charge; the voltage into a photomultiplier tube fixes the gain 
(the proportionality between the light and the charge). Discriminators determine 
whether the charge exceeds certain thresholds, while pulse height analyzers mea
sure the charge. Thus the photomultiplier tube gain sets the energy range over 
which the detector is sensitive. 

The BATSB detectors are housed in eight modules located at the corners of the 
CGRO spacecraft (see Fig. 1 ) . , 3 , M The primary detector in each of the modules, 
the Large Area Detectors (LADs), were optimized for detecting transient sources 
and recording their time histories. By observing sources disappear and reappear 
from behind the Earth, the LADs are also used to monitor the low energy gamma-
ray sky; this highly productive aspect of their operation will not be discussed 
here. Operated in the 30-1000 keV band, each LAD was built around a single 
thin (1.27 cm wide) NaI(Tl) crystal with an area of 2025 cm 2. The LADs do 
produce spectra with up to 128 channels, but the thin Nal crystal gives an energy 
resolution of 30% at 88 keV. Useful spectral information with high time resolution 
(e.g., 64 ms during a burst) is also provided by the rates in the four discriminator 
channels which cover the energy ranges 30-50 keV, 50-100 keV, 100-300 keV, and 
300 to ~1000 keV. In addition, the LADs report the arrival times (to 2ps) and 
discriminator channels of 16,000 counts detected just before and after a burst 
triggers the detectors. 
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Fig. 1. The CGRO spacecraft (left) and a cutaway of a BATSE module (right). 
The LAD is shown in the upper part of the diagram, while the SD is the cylinder 
protruding from the base. 

Each of BATSE's modules also includes a Spectroscopy Detector (SD) which 
accumulates a series of 192 spectra after a burst triggers BATSE. Since the du
ration of the burst is not known a priori, this series of spectra may be exhausted 
before the end of a burst, or may consist predominantly of background accumu
lated after the burst finishes. An SD consists of a thick Nal(Tl) crystal with an 
area of 127 cm2 and a thickness of 7.6 cm. The detectors accumulate spectra with 
256 pseudo-logarithmic channels covering two energy decades between 10 keV and 
20 MeV, depending on the photomultiplier gain. Currently, the SDs are operated 
in the range 10-1500 keV to maximize the sensitivity to spectral features at low 
energies (see Sec. 9 on lines below). In addition to accumulating spectra, the SDs 
report the arrival times (to 128 /is) and energy channel of 64,000 counts from the 
period just before and after the trigger. 

The BATSE experiment triggers on a transient event when two or more LADs 
detect a 5.5 a increase in the 50-300 keV band over the background count rate 
accumulated in 0.064,0.256 or, 1.024 second integration bins. Because the thresh
old is a function of the background count rate, and the detectors have a'strong 
angular dependence, BATSE's trigger threshold varies over time and space. The 
LADs and SDs both accumulate large quantities of data of many types for a pe
riod of four (early in the mission) or ten minutes (currently) after a trigger. In 



addition, BATSE notifies the other CGRO instruments of the event, and indeed 
many amazing burst phenomena have been observed by these other detectors. 

With its array of eight detectors, BATSE is able to localize bursts on the 
sky. The geometry of the LADs gives them a ~ cos 8 angular sensitivity. A 
burst is localized by comparing the rates in the various detectors which observe 
the burst, each with a different orientation to the burst. This seemingly simple 
localization method is complicated by scattering off the Earth's atmosphere which 
can contribute ~25-30% of the incident flux, and therefore, can create a large count 
rate in a detector facing away from a burst. Currently, burst positions are plagued 
by a 4° systematic error and a statistical error (resulting from Poisson fluctuations 
of the number of counts detected by the various detectors) which is typically 13° 
at the detection threshold, but which drops rapidly with burst intensity. 

Strong bursts are also localized by comparing their arrival times at detectors 
distributed throughout interplanetary space; the resulting array of detectors is 
called the "interplanetary network" (IPN). The uncertainty in position for a strong 
burst with sharp, well-defined temporal features can be as small as an arcminute. 
Four or more detectors localize a burst to a single point, three detectors result 
in two points (even a crude localization by one of the detectors eliminates the 
ambiguity), and two detectors constrain the burst to an arc in the sky. When 
CGRO was launched, the interplanetary network consisted of BATSE, Uiysses, 
and the Pioneer Venus Orbiter (PVO). Since PVO ceased operating (mid-1992), 
the network has continued with only two instruments.15 In addition, strong bursts 
occasionally fall within the field of view of the CGRO's two imaging telescopes 
which can localize bursts to ~ 1°. 

Cosmic gamma-ray bursts are not the only transient events detected by BATSE. 
Solar flares also trigger the LADs, and indeed, many spectacular flares were ob
served in the summer months of 1991 immediately after the launch of CGRO at 
the height of the solar cycle. In addition, events in the Earth's magnetosphere, 
emergences (from behind the Earth) or fluctuations of strong astrophysical sources 
(e.g., Cygnus X-l), and possibly even radiation from lightning in the upper at
mosphere,16 have all triggered the instrument. While these other sources, which 
produce ~2/3 of the triggers, reduce BATSE's livetime for observing bursts, they 
are interesting in their own right. 
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4 Burst Statistics 
Since there are no means of measuring the distance to gamma-ray bursts, and 
thus no direct method of determining their true three-dimensional distribution, 
indirect statistical methods must be utilized. The most conclusive arguments for 
burst origin are based on the intensity and spatial (i.e., projection on the sky) 
distributions of burst ensembles, buttressed by physical speculation. In Euclidean 
space, the brightness P of a burst decreases as the inverse square of the distance to 
the source, P oc r" 2 , while the volume V out to that distance increases as the cube 
of the distance, V oc r 3 . Thus, for a constant source density, the number of bursts 
observed above a threshold brightness varies as the —3/2 power of the threshold, 
N(> P) oc V oc ( P - 1 / 2 ) 3 . When the brightness threshold probes a region where 
the density is homogenous, then the cumulative intensity distribution should be 
a —3/2 power law, and the spatial distribution should be isotropic. 

Before BATSE, the intensity distribution was indeed consistent with a —3/2 
power law. Deviations from this power law at the faint end could be attributed 
to incompleteness; this incompleteness was reduced when the source intensity 
was measured as the peak count rate, the quantity on which detectors trigger. 
Similarly, the spatial distribution was found to be isotropic. Thus the source 
density was constant out to the distances to which bursts were detected. Since 
the sources were thought to be a galactic disk population, it was predicted that 
when detectors finally observed bursts beyond the sources' scale height (the length 
scale over which the source density drops perpendicular to the galactic plane) the 
faint bursts would be found preferentially in the plane of the galaxy, and the 
number of detected bursts would increase less rapidly as the detection threshold 
decreased. BATSE was built to be the detector which would detect bursts beyond 
the constant density region. 

The use of the burst intensity distribution as a probe of the radial source den
sity is complicated by the unknown luminosity function and the variable detector 
threshold. If the source density is constant, then the true cumulative intensity 
distribution, N(> P), will be a —3/2 power law of the intensity, regardless of the 
luminosity function (more generally, a power law density distribution results in a 
power law intensity distribution). The luminosity function is irrelevant because 
the bursts of a given luminosity produce a power law distribution, and the ob
served distribution is merely the sum of these power law distributions, all with 



the same power law index. However, a varying detector threshold reduces the 
observed intensity distribution at the faint end. To test whether an observed de
viation from a power law reflects the true shape of the intensity distribution (with 
implications for the source density) or results from variations in the threshold 
(which is an instrumental artifact), the intensity can be normalized by the thresh
old at the time of the burst; a power law of the intensity will also be a power law of 
the normalized intensity. It is best to use an intensity measure appropriate to the 
instrument's trigger criterion, which in our case is the peak count rate. Raising 
the normalized intensities to the —2/3 power results in the quantity V/Vmix which 
(assuming the bursts occur in Euclidean space) compares the volume in which the 
burst was found to the volume in which it could have been found. If the source 
distribution is homogeneous in three-dimensional Euclidean space, then the ob
served value of (V/Vm„) should be 1/2± (12N)~1^ where the uncertainty results 
from the finite number N of events. Using 657 BATSE bursts, 

07Vmax}= 0.330 ±0.011, (1) 

which shows that the burst distribution is not uniform. This is also apparent from 
the cumulative intensity distribution shown in Fig. 2. 

The spatial distribution of the bursts BATSE has detected is consistent with 
isotropy, as shown by Fig. 3. Quantitative measures provide the limits which any 
model that predicts a deviation from isotropy must satisfy. Any source model 
which is not strictly isotropic produces deviations on large angular scales which 
can be characterized by modified dipole and quadrupole moments in relevant 
coordinate systems such as that of the galaxy.17 The tendency towards the galactic 
center is measured by (cos 6), where 8 is the angle between a burst and the galactic 
center. An instrument with uniform sky exposure would observe (cos 9) = 0 for an 
isotropic source distribution but because of Earth-blockage and other more subtle 
effects (cos 6) = — 0.013 ± (3iV) - 1 / 2 is expected (N is the number of bursts in the 
sample). With 1005 BATSE bursts, (cos0) = 0.004 ± 0.018 is observed (a 0.9a 
deviation). The preference towards the galactic plane is shown by (sin2 6) where 6 
is the galactic latitude. For isotropy, an ideal detector would detect (sin2 6)—1/3 = 
0 while (sin2 6) - 1/3 = -0.005 ± (12N)-1'2 is expected given BATSE's actual 
sky exposure; with 1005 bursts, BATSE finds (sin2 6) - 1/3 = -0.008 ± 0.0091 (a 
-0.4a deviation). Therefore, these two tests which are sensitive to the signature 
expected for a source population in the galactic plane yield results consistent with 
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isotropy. The isotropy of various subsets of the BATSE burst ensemble has been 
considered, and no significant deviations have been found. 1 8 ' 1 9 

Thus, BATSE finds that the intensity distribution deviates from a —3/2 power 
law at the faint end but that the bursts are still distributed isotropically on the 
sky.18 The Earth appears to be located at the center of a spherical (or nearly 
spherical) source population whose density decreases beyond some radius, and 
not in a disk-like geometry. A basic prediction of the local galactic hypothesis 
has failed, invalidating the hypothesis. This is the observational basis of the 
excitement in the field. The galactic disk hypothesis can be resurrected only if the 
observations are discredited (e.g., the BATSE database is extremely incomplete) 
or if the hypothesis is modified (e.g., bursts emit preferentially towards the galactic 
plane). 

If the sources are not distributed homogeneously in three-dimensional Eu
clidean space, then how are they distributed? The intensity distribution probes 
the radial structure of the source population, but it involves both the burst lumi
nosity function and the variable detector thresholds. Normalized intensities and 
the V/ Vmax statistic remove the effects of the variable threshold for tests of source 
homogeneity but do not recover the true intensity distribution. Therefore, these 
quantities are not suitable for studies of the nature of the source inhomogeneity.20 

The appropriate techniques for modeling or constraining the source density use 
each observed burst as well as the known distribution of thresholds.2 1'2 2 

5 Implications of Isotropy and Inhomogeneity 

The BATSE observations indicate that bursts are isotropic but inhomogeneous 
(in Euclidean space). This can be explained by a number of models: 

Cosmological bursts: 2 3 bursts distributed homogeneously out to cosmolog-
ical distances would be isotropic while their number would increase less rapidly 
with distance in curved space than in Euclidean space. If the peak photon lumi
nosity were a standard candle, BATSE's detection limit would be at a distance of 
z ~ 1 (Ref. 24). The necessary energy could be released by the merger of compact 
objects such as neutron stars, and indeed, close neutron star-neutron star binaries 
whose orbits are decaying by gravitational radiation are known to exist. These 
models require the release of enormous quantities of energy in small volumes (as 
determined by the short burst time scales) which will be opaque to gamma-rays 
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Fig. 2. Cumulative peak flux distribution for 444 bursts. The dashed curve is 
the —3/2 power law expected for homogeneity in Euclidean space. The filled-in 
region at the faint end of the distribution indicates the range of corrections for 
the variable trigger threshold. The peak flux is corrected for the angle between 
the burst and BATSE, and for the detector response in the_50-300 keV band. 
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Fig. 3. Spatial distribution of 585 bursts from the second BATSE catalog50 in 
galactic coordinates. 

as a result of photon-photon pair production. Since the observed burst spectrum 
extends well above a few MeV, relativistic fireballs and powerful shocks interact
ing with a surrounding medium have been invoked to circumvent this opacity to 
gamma-rays. Most cosmological models destroy the source to produce the burst; 
these models need to explain how such events can produce complex time histories, 
particularly for bursts which consist of spikes over a number of minutes. Also, 
if classical bursts are shown to repeat, then models which destroy the source are 
ruled out. Finally, gravitational lensing has been invoked to explain complex tem
poral structure, although no bursts with identical profiles or spectra have been 
identified. 

Extended galactic halo: 2 5 if the halo is large enough (e.g., ~ 150 kpc) 
then our offset from the galactic center would not be apparent and the source 
distribution would appear isotropic but inhomogeneous. The absence of an excess 
of bursts towards nearby galaxies such as M31 places an upper limit on the halo 
radius, a constraint which is rapidly reducing the range of permitted models. 2 6 ' 2 7 

No known sources form an extended halo, but neutron stars born in the halo 
have been suggested.28 The observation of high velocity pulsars approaching the 
galactic plane2 9 suggests that these pulsars were born in the halo, perhaps in 
white dwarf systems.28 Most models with sources born in the galactic disk have 
a density enhancement towards the disk; however, fine tuning a model with an 
asymmetric galactic potential can give an isotropic burst distribution.30 

Comets: 3 1 a spherical population surrounding the solar system could also 
produce bursts. However, all known classes of solar system objects are highly 
anisotropic: for example, the Oort cloud is predominantly in the ecliptic.32 

6 Cosmological Tests 

If bursts are cosmological, then redshifting of the spectra and dilation of the 
temporal structure should be evident. Unfortunately, there are no characteristic 
temporal structures which can be used to measure the time dilation, nor are there 
spectral features whose redshift could be observed, and therefore, the tests must 
rely on averages over bursts in different intensity groupings (usually the peak count 
rate is used as the intensity measure). The tests proposed thus far assume that 
bright bursts are on average closer to the observer than dim bursts, and therefore 
the dim bursts should be redshifted and dilated relative to the bright bursts. The 



quantitative analysis of the cosmological effects generally assumes that the peak 
photon luminosity in the energy band of interest is a standard candle. At least 
11 tests have been reported thus far: 

1. Total counts normalized by the peak count rate: 3 3 this quantity, with dimen
sions of time, is about twice as large for dim bursts as for bright bursts, as 
expected for time dilation. 

2. Wavelet activity:33 akin to a Fourier power spectrum, the activity curve shows 
that (as normalized) dim bursts have more power on longer time scales than 
bright bursts, as expected for time dilation and verified by simulations. 

3. Peak alignment: Norris et al.33 find that when the highest peaks are aligned, 
the composite time history of the brightest bursts is narrower than that of 
the dim bursts, again consistent with time dilation. However, Mitrofanov et 
al.3i do not find the cosmological signature; both groups need to investigate 
how the differences in their methodologies result in discrepant results. 

4. Hardness:35 bright bursts are harder than dim bursts, as expected for the 
redshifting of spectra which are concave down. 

5. Average duration:36 bright bursts have longer durations than dim bursts, 
consistent with time dilation. 

6. Pulse widths:3 7 when the burst time histories normalized (i.e., divided) by 
the peak count rate are decomposed into pulses with variable widths and 
normalizations, the pulses for the dim bursts are broader than for the bright 
bursts, as expected for cosmology. 

7. Counts in pulses:37 the total number of counts in the pulses found in Test 6 
is greater for dim bursts than for bright bursts. Note that the pulses were 
derived for burst time histories which were normalized (divided) by the peak 
count rate. 

8. Counts above background:37 the total number of counts above background 
used in the pulse decomposition in Test 6 is greater for dim bursts than for 
bright bursts. 

9. Auto-correlations:38 the central peak of the average auto-correlation of an 
ensemble of dim bursts is broader than for an ensemble of bright bursts, as 
expected for time dilation. The width of the central peak (i.e., at zero "lag") 
of the auto-correlation function is a measure of the duration of emission 
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events within a burst. Only data around the highest time history spike are 
considered and thus this auto-correlation measures the width of the spike 
with the highest count rate. 

10. Duration distribution:39 the duration distribution of dim bursts is consistent 
with dilating the distribution of the bright bursts. 

11. Interpulse duration: under consideration are different methods of measur
ing the time between major emission events within multispike bursts. This 
interpulse time may be a characteristic of the emission process and should 
show time dilation. Preliminary results40 are contradictory. 

These tests are not all independent, nor do they necessarily probe different 
time scales within a burst. Tests 1, 7, and 8 are clearly the same in that they 
calculate the ratio between the number of counts and the peak count rate. In 
Test 2, the wavelet activity on time scales longer than twice the burst duration is 
proportional to the number of counts in the burst, and therefore this test may be 
the same as Tests 1, 7, and 8. 4 1 Both the average time history in Test 3 and the 
auto-correlation in Test 9 measure the width of the peak with the highest count 
rate. Finally, in considering the average duration of dim bursts in Test 5, Norris 
et al.,3S show that the entire duration distribution is shifted, as found by"Test 10. 

The interpretation of these tests is currently an active area of inquiry.42 Most of 
the time dilation tests find the dim bursts are shifted relative to the bright bursts 
by a factor of order two. If the bright bursts are very local and the dim bursts are 
at the limit of BATSE's detection distance, then this shift indicates that BATSE's 
detection limit is at zum ~ 1. However, the bright and dim burst ensembles 
span nonnegligible intensity ranges and therefore the bright bursts cannot be 
assumed to be at z = 0 and the dim bursts at z = zum. The time dilation factor 
between bright and dim samples is y = (1 + zj;m)/(l + zt,right), which means that 
ziim S> 1. In addition, the temporal width of spikes is narrower at higher energies 
(a consequence of spectral evolution within bursts, which will be discussed below), 
and therefore spectral redshifting shifts narrower time structures into the observed 
spectral band. The effect of this redshifting is opposite of that of time dilation for 
tests which consider the width of individual spikes (e.g., Tests 3, 6, and 9), and 
therefore the dilation factor must be even greater to produce the observed shift 
for these tests. The resulting 2/;m ~ 6 is much greater than previously thought. 



An alternative interpretation of the observed trends shown by the above tests 
is that they reflect intrinsic correlations between burst properties. For example, 
Tests 1, 7, and 8 can be explained by a distribution of peak photon emission rates 
(i.e., a photon luminosity function) which is uncorrelated with the total photon 
emission when the burst sources are inhomogeneous.41-44 Similarly, the hardness-
intensity correlation in Test 4 can result from a photon luminosity-spectral hard
ness correlation (e.g., harder bursts might be intrinsically brighter) with an in-
homogeneous source distribution. Note that these correlations between intrinsic 
burst properties imply that the peak photon luminosity is not a standard candle; 
the large dynamic range of observed burst properties makes it difficult to believe 
there are any standard candles in this phenomenon. This explanation of the above 
tests requires fine tuning of the intrinsic correlations; however, the cosmological 
interpretation is no longer consistently giving the expected z/,m ~ 1 (Ref. 42). 

7 Repeaters 
Since almost all cosmological burst models destroy their sources (e.g., in mergers 
of compact objects), the unusually vigorous debate over the existence of repeating 
burst sources is closely related to the galactic vs. cosmological controversy. Un
fortunately, detecting repeaters in the BATSE burst ensemble is difficult because 
of the large BATSE error boxes. Also, with the low average sky-time coverage 
(~ 34%), BATSE may miss repetitions of a given source. Note that the existence 
of repeaters will not alter the conclusion that the source population is inhomoge
neous in three-dimensional Euclidean space.''5 

When the positions of the first 260 bursts of the first BATSE catalog46 were 
released, Ft. Lingenfelter noticed that a number of bursts within a few days of each 
other had strikingly similar coordinates, despite the large uncertainties in their 
positions. Because of these large uncertainties, the significance of repetitions even 
with coincident positions is not convincing; consequently, Wang and Lingenfelter47 

searched for repeating bursts with small spatial and temporal separations. The 
most significant (P < 2 x 10~3) cluster consists of five bursts. 

The main debate over repeaters has focused on statistical measures of spa
tial burst separation which do not identify specific repeating sources but test 
whether there is an excess of bursts with small angular separations. Quashnock 
and Lamb 4 8 found such an excess using the "nearest neighbors" statistic on the 
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first 260 BATSE bursts; this test considers the distribution of the distance between 
each burst and its nearest neighbor. Using the two-point correlation function, 
others find a much less significant signal at small separations and a compara
ble signal at large separations.49 The virtues of these statistics are debated, and 
various groups edit the burst list based on different criteria. 

The evidence for repeaters is weaker in the recently released second BATSE 
catalog5 0 which, including the bursts presented in the first catalog,46 consists 
of 585 bursts. The repeater signature is absent from the nearest neighbor and 
two-point correlation function analysis. 5 1 - 5 3 The strongest signal which has been 
found is in the spatial-temporal correlations,5 4 , 5 5 and not all studies have found 
this correlation in the second catalog.56 However, these studies cannot rule out 
~ 20% of the observed bursts coming from repeaters. 5 1 , 5 6 Because of instrumental 
difficulties during CGRO's second year of operation (CGRO's tape recorders failed 
and the real-time telemetry was not yet optimized), bursts could be observed 
a smaller fraction of the time for this second group of bursts compared to the 
first group. Thus the probability of detecting repetitions of an observed burst 
is smaller; whether this is sufficient to explain the weaker or absent signature of 
repeaters is currently debated. 

Clearly, the issue of whether classical bursts repeat will remain unresolved 
until detectors with better spatial resolution accumulate a large enough catalog. 

8 The Ultimate Solution 
The study of the spatial and intensity distributions has established the qualitative 
nature of the source population. We appear to be at the center of a spherical, 
bounded density distribution; a departure from isotropy is possible, but must be 
small. Since it is the convolution of the radial density and the luminosity function, 
the intensity distribution is not very constraining. In addition, the search for 
cosmological signatures has not thus far yielded a decisive conclusion, and any 
results will always be explained by opponents of the cosmological model as the 
product of intrinsic burst correlations or of systematic effects. 

Most likely, the nature of the source will be determined by discovering a coun
terpart to a burst. Indeed, the origin of the Soft Gamma Repeaters has been es
tablished by identifying SGR1806-20 with a Crab-like supernova remnant (Sec. 2). 
There is a long history of searching the smaller burst error boxes for likely sources 



(see Schaefer57 for a review). A number of major efforts are underway to find 
a counterpart. By monitoring the telemetry from BATSE, the BACODINE sys
tem 5 8 localizes the position of strong bursts and notifies observers worldwide in 
less than ten seconds after the trigger, while the burst may still be in progress. 
To be launched in mid-1995, the HETE satellite59 will carry gamma-ray, x-ray, 
and ultraviolet detectors which will view the same ~ 2ir steradian region of the 
sky; the hope is that the x-ray and ultraviolet instruments will localize the burst, 
leading to the identification of a counterpart. 

However, once the type of source is revealed, the phenomenon will still not be 
understood until detailed physical models are constructed which explain the origin 
of the energy, how it is released, and finally, how it is radiated. These models will 
be guided and constrained by the rich burst phenomenology. In particular, the 
temporal and spectral properties probe the emission processes and the mechanisms 
by which the energy is delivered to the emission region. Even in the absence of 
a detailed understanding of the origin of bursts, we can nonetheless accumulate 
observations which future theories will have to explain. 

9 Line Features 

Konus,60 HEAO l,61 and Ginga62 observed absorption lines in burst continua 
below 100 keV. These features were attributed to cyclotron absorption in ~ 10 1 2 

gauss magnetic fields.63 Since neutron stars are the only known astrophysical 
bodies with fields of this magnitude, these observations supported the neutron 
star hypothesis. Consequently, confirmation by BATSE of the reality of these 
absorption features will help preserve this important constraint on burst sources 
at a time when the neutron star paradigm is in doubt. The existence of these 
features is therefore perhaps the most significant burst-related observational issue 
which BATSE can resolve. 

No definitive lines have been identified yet in the ~ 200 BATSE bursts searched 
thus far.64 The relevant observations are from the SDs which accumulate a series 
of spectra during a burst; since the duration of the burst is not known a priori, the 
number of spectra spanning the burst varies. The telemetry provides data from up 
to four detectors which observed the burst, permitting independent confirmation 
of the existence of aline. In the first search by the BATSE team, each accumulated 
spectrum was scanned visually. Even if a line persisted for a number of these basic 
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spectra, our assumption was that it would be visible in the individual spectra. This 
search has identified line candidates, but none meet our detection criteria (which 
are discussed below). To begin soon, our second search will be computerized, thus 
removing the subjectivity of the human eye. By searching progressively longer 
sequences of spectra, this search should find any features which persist over a 
number of the spectra accumulated by the detectors but which are not obvious 
to the eye in any individual spectrum. In addition, this search will accumulate 
statistics regarding the distribution of line-like fluctuations. 

The detection criteria are determined by the concern that a line candidate is 
a statistical fluctuation. Because many spectra are searched, a detected line must 
have an F-test probability of less than 10~4 of being a fluctuation, and consistency 
is required among all the detectors which could have observed the line. The F-test 
calculates the probability of finding the observed improvement (as measured by 
X2, the statistic which quantifies the quality of a fit) in fitting a spectrum with 
a continuum+line model compared to a continuum model if the line is actually 
a fluctuation. The probability of a false positive (i.e., considering a fluctuation 
to be a real feature) is the F-test probability times the number of "trials," the 
possibilities for such a feature to occur. Calculating the number of trials is a 
difficult methodological problem which we have not yet solved definitively. We do 
not require a significant detection by more than one detector, but because a burst 
is almost always viewed by multiple detectors, the line should be evident, if not 
significant, in more than one detector. We therefore demand consistency among 
all the detectors which could have seen the line feature. 

A number of candidates have been identified, but none have met the detection 
criteria. Figure 4 shows a line candidate which is significant in one detector, yet 
is not apparent in a second detector. Thus this candidate does not meet the 
consistency criterion. 

The absence of any detected lines has led to a number of related studies. First, 
we are investigating whether the SDs are operating properly. Background lines 
are evident in all spectra, although they are at higher energies than the expected 
absorption features. We observed the x-ray pulsar Her X-l which has a cyclotron 
line at ~ 36 keV;66 the single count spectrum studied thus far shows evidence 
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Fig. 4, The line candidate in GB930506.65 On the left are the count spectrum from 
detector 2 (data points) and model count spectra with (solid curve) and without 
(dashed curve) an absorption line. The F-test probability for the improvement 
in the fit using a two-parameter line model is P = 6.1 x 10~5. On the right is 
the count spectrum for detector 7 in which no line is apparent. The burst angle 
for detector 7 is 56.2°, and for detector 2 it is 73.7°. Because of the inconsistency 
between the two detectors, we cannot consider this to be a detection. 

for this line. However, the Her X-l continuum is very steep whereas the burst 
continuum is relatively flat, and therefore there are aspects of the detector response 
which are not tested by the Her X-l observations. A number of additional Her X-l. 
observations remain to be analyzed, and further observations are planned. 

Second, we are evaluating the detectability of lines in our spectra. This type 
of study requires the underlying line distribution, but too few lines have been 
detected and properly reported by previous instruments to characterize this dis
tribution reliably. Thus, most of our analysis has focused on the detectability 
of lines similar to those observed by Ginga. Line detectability as a function of 
various parameters (e.g., burst angle, strength of the underlying continuum) is de
rived by simulating BATSE observations of various incident photon spectra which 
include lines. Because of Poisson fluctuations, a line may be detected in only a 
fraction of the simulated spectra; in other spectra, the fluctuations may conspire 
to make the line less significant. The detection probability is the fraction of the 
simulations which would be considered detections; these probabilities are used to 
assess BATSE's line-detection capabilities and for detailed calculations comparing 
BATSE to other detectors. Ginga observed a number of features at ~ 20 keV and 
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~ 40 keV; our simulations show that lines at 40 keV can be detected for most 
burst angles, but lines at 20 keV can usually be detected only for small burst an
gles (e.g., 6 < 45°).67 In addition, the spectra often do not extend to low enough 
energies for the detection of lines around 20 keV, although we have been operating 
most of the SDs to be sensitive to the lowest feasible energies. 

These simulations also demonstrate the detection capabilities of our detector 
array.67 Although the search for absorption features has a high priority, two de
tectors are kept at low gain to observe high energy spectra, and are thus unable 
to detect features below ~ 200 keV. For instrumental reasons, the gain for a third 
detector cannot be pushed high enough so that the observed spectrum extends 
low enough for lines to be detected. Thus, five detectors can observe lines. By 
considering all possible directions between the burst and the detector array, we 
find that the probability of detecting a line is not significantly impaired by having 
only five detectors searching for lines, instead of all eight. 

Finally, we developed methodologies to evaluate whether the absence of BATSE 
line detections is inconsistent with the earlier detections.68 These comparisons 
require information not only about the lines which were detected but also the 
detectability of lines in the bursts where no line was detected. A careful analy
sis of the previously reported detections shows that insufficient information was 
provided to evaluate the KONUS line significances and the detectability of lines 
in the KONUS and HEAO 1 bursts. Therefore, the comparison, is between^ two 
Ginga detections and no BATSE detections. Definitive calculations are not yet 
complete, but we have performed preliminary estimates. Although many (~ 200) 
bursts have been searched, only a few (~ 18) were intense enough for the detec
tion of Gtnga-like lines. We have developed different measures of the consistency 
between Ginga and BATSE. We estimate a maximum probability of ~ 3% that 
Ginga would detect two or more sets of lines and BATSE none; given that there 
are two detections, the probability that both would be in the Ginga bursts is 
~ 13%. Bayesian comparisons between the hypothesis that lines exist and the in
struments function as understood, and various hypotheses regarding instrumental 
deficiencies, also indicate there is no inconsistency between Ginga and BATSE. 
Therefore, the apparent discrepancy between the BATSE and Ginga results is not 
yet critical. 



10 Burst Continua 
Burst spectra can be characterized by the four-parameter functional form69 

NB{E) = i4B»e-W*>, E<(a-p)E0 , (2) 

A'&, E>(a-p)Ea , 

where A' is chosen so that JV^ and its derivative are continuous. The parameters 
a, p, and E0 all vary, with typical values of a ~ -0 .5 , P ~ - 2 , and E0 ~ 150 keV. 
This parameterization is adequate for detectors with the moderate energy reso
lution of Nal; undoubtedly detectors with superior energy resolution will require 
more complicated parameterizations in the future. Since both a and /3 vary, the 
energy Ep of the peak of ENB is a better measure of how hard the spectrum is 
than Ea. If P < - 2 , then Ep = (2+a)£ 0 . Proportional to «//„, ENE is the energy 
flux per logarithmic energy band, and its peak indicates where most of the energy 
is radiated. Both Ep and Eo vary from burst to burst and within bursts, indicat
ing that there are no characteristic energies.69 Such a characteristic energy might 
be expected from an atomic transition or absorption edge, the transition from 
atomic absorption to Compton scattering, or the radiation from electron-positron 
annihilation. These processes may be present (pair processes may be unavoidable) 
but any characteristic energy must be erased by reprocessing. Figure 5 shows the 
distribution of Ep and Eo. 

A number of strong bursts have occurred within the field-of-view of COMPTEL 
and EGRET, CGJJO's two gamma-ray telescopes. The spectra are usually power 
laws with indices of - 2 < p < -2 .5 up to 100s of MeV; 7 0 , n thus the spectral 
form in Eq. 2 appears to be valid over four energy decades! 

EGRET has detected photons with energies greater than 1 GeV, often a few 
minutes after the bulk of the burst emission observed by BATSE. In the recent 
burst GB940217,72 EGRET detected in its spark chamber (JB > 30 MeV) ten 
photons during the three minutes that BATSE detected emission, eight photons 
during the next 15 minutes, and another ten photons 90 minutes later. Since 
there were many gaps in the telemetry, we can assume that this high energy 
emission continued for about an hour and a half after the BATSE trigger! Among 
the spark chamber events were photons with energies of 2.5, 3, and 18 GeV; the 
highest burst emission yet observed, the 18 GeV photon, was detected 103 minutes 
after the BATSE trigger. This high energy radiation appears to be a new emission 
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Fig. 5. Distribution of energies which measure the spectral hardness for a sample 
of 54 strong bursts. 6 9 Two different energies are derived from fits to the average 
burst spectra: the break energy E0 in Eq. 2 (solid histogram) and the energy of 
the peak of ENB (dashed histogram). 

component both because it exceeds the extrapolation of the low energy spectrum 
to higher energies, and because it continued after the low energy emission ended. 

During a burst, the spectrum changes not only in intensity but also in shape. 
Almost always, the spectral hardness (characterized by Ep, the peak of ENE) 
rises and falls with the intensity,73 although the two quantities are not strictly 
correlated, and the hardness often leads the intensity. Specifically, as in previous 
studies,74 BATSE finds hard-to-soft spectral evolution both within intensity spikes 
and from spike to spike (see Fig. 6). 7 5 In general, the spectrum hardens ~ 0.1 sec
ond before the intensity increases, and the emission softens as the burst progresses. 
Bursts usually begin with very hard emission. These are general trends, but coun
terexamples can be found. BATSE's spectra with the highest energy resolution 
frequently do not have sufficient temporal resolution to characterize the spectral 
evolution fully.75 Consequently, we are investigating the use of BATSE data with 
less spectral resolution but greater temporal resolution. 

Explaining fully the observed spectral evolution is impossible before the iden
tification of the sources of gamma-ray bursts and the construction of detailed 
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Fig. 6. Example of spectral evolution within the burst GB920525.75 The solid 
histogram is the count rate (left-hand axis) while the diamonds are Ep, the energy 
of the peak of ENE (right-hand axis). The width of the diamonds shows the 
time over which the spectrum was accumulated, and the height indicates the 
uncertainty range of the energy. 
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physical models. However, the data lead to some general speculations. That 
the spectrum hardens at the beginning of an increase in the burst intensity sug
gests that the intensity increase results from an energizing event, perhaps with 
the higher energy particles emitting on a shorter time scale and at higher pho
ton energies than lower energy particles. The softening of the spectrum between 
successive intensity spikes indicates that a single emission region "remembers" 
previous emission events or that multiple emission regions communicate. 

11 Burst Classes 

Bursts come in a bewildering variety of morphologies, durations, and spectral 
shapes, and attempts at taxonomy have generally been unsuccessful. Some bursts 
are single spikes while others are a complex of many spikes. Many bursts rise 
and fall smoothly, while others show a great deal of substructure. Others consist 
of a series of events with no detectable emission in between. Figure 7 provides 
examples of burst time histories. 

One clear division among bursts has been found. Kouveliotou et al.r6 find that 
the distribution of burst durations is bimodal, with the cusp at ~ 1.5 seconds (see 
Fig. 8). Similarly, Lamb et al." divide bursts by the sharpness of the spike 
with the highest count rate. Although these two studies disagree as to the more 
physically meaningful definition, the divisions are usually the same since the short 
bursts generally have sharper spikes. 

12 Summary 
In this review, I have attempted to cover the highlights of the current excite
ment over the nature of gamma-ray bursts. The BATSE bursts are isotropic yet 
inhomogeneous (in Euclidean space). Thus, we appear to be at the center of a 
spherical source distribution where the density decreases beyond a certain radius 
(which is currently unknown); deviations from isotropy are still possible but must 
be very small. A cosmological origin is the simplest astronomical explanation of 
these statistical properties, although no physical model has been proposed which 
explains the observed wealth of spectral and temporal detail. On the other hand, 
the range of permitted parameters for a galactic halo population is shrinking as 



01SCSC 0 « U . Our«t H«, 219 

r4.'j'.»MV*V- ^ ^ H r r r 1 

Trlff*'* **•• 1733 

ISMI 

M M * • 

I U H 

5 l » M 

t MMI ' 
a I*MI 
3 

[ ,1 «*«• \ 
M M / V. JMI ^J X ̂ i M f l ^ 

•«• • » • M 41 

Trloi i r H*. 3431 

JIMI i. . 
* 1 H I • 

MMt • J 
»*MI • 
SM«I . i 

: ***** 
£ 4IM) 
J Mil \ 
if M m 

} 
9MM J • 
M M I Ml t I M l I \\ M«t \^. f " ' • * • ' ' ' ' J 

a -*-*-* » » • * » • > • • • t . i . • . . . . . . . 3 
• !• 12 M 14 

Fig. 7. Time histories of a number of bursts observed by BATSE. 
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Fig. 8. Distribution of burst durations.76 

the isotropy constraint becomes more stringent and no excess towards M31 is 
observed; in addition, no known halo population has the correct characteristics. 
The energy requirements for a halo population is approximately a million times 
greater than for local galactic disk sources, and therefore most of the pre-BATSE 
models are irrelevant. 

BATSE's observation of an inhomogeneous yet isotropic burst distribution 
has thrown doubt on the model wherein gamma-ray bursts originate on strongly 
magnetized neutron stars. The neutron star model was supported by pre-BATSE 
observations of absorption dips below 100 keV which were interpreted as cyclotron 
absorption in teragauss magnetic fields. To date, no definitive line features have 
been discovered in the BATSE spectra, but our calculations show that the appar
ent discrepancy between the BATSE nondetections and the detections by previous 
missions is not yet significant. 

The origin of gamma-ray bursts may not be known until a burst counterpart 
is discovered. However, even when the source type is identified, the phenomenon 
will not be fully explained until detailed physical models are constructed. The 
BATSE observations of the shape of burst spectra and their evolution will guide 
and constrain these future models. To the spectral resolution of BATSE's Nal 



detectors, the spectrum can be described over four energy decades as a high energy 
power law N oc E~~2 with curvature below 1 MeV; this continuum favors no 
characteristic energies. Recent EGRET observations suggest the presence of an 
additional component around 1 GeV which can persist for over an hour and a half. 
In general, the burst spectra show hard-to-soft evolution, with a loose correlation 
between the increases and decreases of the hardness and the intensity. 

Ironically, the BATSE observations of gamma-ray bursts have increased our 
knowledge about these incredible events but decreased our understanding. 
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ABSTRACT 

Recent high statistics measurements of the nucleon spin structure func
tions by the E143 Collaboration are presented. The structure func
tions g\ and gf have been measured over the range 0.029 < x < 
0.8 and 1.3 < Q2 < 10 (GeV/c)2 using deep inelastic scattering of 
polarized electrons from polarized ammonia and deuterated ammo
nia targets. Evaluation of the integral T\ = JjJ g\(x, Q2)dx at fixed 
Q2 = 3 (GeV/c)2 yields 0.127 ± 0.004 ± 0.010, in agreement with 
previous experiments, but well below the Ellis-Jaffe sum rule predic
tion of 0.160 ± 0.006. The integral Tf = j£ gf {x, Q2)dx also eval
uated at fixed Q 2 =3 (GeV/c)2 gives 0.041 ± 0.004 ± 0.004, again 
below the Ellis-Jaffe sum rule prediction of 0.068 ± 0.005. From #f 
and gf, the neutron structure function 3" can be computed with T" 
measured as —0.037 ± 0.008 ± 0.010. Combined with the measure
ment of g\, we find Tf - TJ = 0.163 ± 0.010 ± 0.016 which agrees 
with the prediction of the Bjorken sum rule with 0(a£) corrections, 
T\ - TJ = 0.171 ± 0.008. In the quark-parton model, this implies 
that the net helicity carried by the quarks is Aq = 0.34 ± 0.04. 
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1 Spin Structure Functions 

1.1 Introduction 
The B143 experiment is the latest SLAC fixed-target experiment to measure nu
cleon spin structure functions with polarized electron beams. The pioneering 
spin structure measurements were SLAC E80 in 19761 and E130 in 19832 which 
used cryogenic butanol targets to measure the proton polarized structure func
tion gi(x) over a range in the Bjorken scaling variable, x, of 0.1 to 0.65. These 
experiments were motivated by the quark-parton model which described the unpo-
larized deep inelastic scattering data and by the expectation of large asymmetries 
in polarized nucleon scattering. Predictions of the integral of pi had been derived 
from current algebra by Bjorken.3 The Bjorken sum rule predicts the difference 
If — T" = j(ffyt/5v) at infinite Q2 where If = /„' g\ (x, Q2)dx for the proton, 
TJ = /j g^{x,Q2)dx for the neutron, and g& and gv are the nucleon axial-vector 
and vector coupling constants. QCD corrections evolve the sum rule to the finite 
Q2 reachable by experiment and make the sum rule a basic prediction of QCD. 
Ellis and Jaffe,4 assuming SU(3) flavor symmetry and an unpolarized strange sea, 
later made predictions for the proton and neutron integrals individually which 
together satisfied the Bjorken sum rule. Within the large measurement errors, the 
data from E80 and E130 agreed with the Ellis-Jaffe predictions. 

In 1988, the CERN EMC experiment using 100-200 GeV muon beams to 
reach low x values reported surprising results on g\ ? Although consistent with 
the SLAC experiments over the common x range, EMC found that gi was smaller 
than expected in the x range below 0.2 and that If disagreed significantly with 
the Elli6-Jaffe sum rule. Since in the quark-parton model If is related to the 
integral over the quark spin distributions, the fraction of the proton spin carried 
by the quarks was measured as Ag = 0.14 ± 0.23 with a strange quark contri
bution of As = -0.22 ± 0.09. Popularly known as the "Spin Crisis," these 
results generated much theoretical speculation and debate, as well as prompting 
the current generation of experiments. 

The CERN SMC experiment in 19936 reported results on the deuteron which 
again disagreed with Ellis-Jaffe predictions and were consistent with the quarks 
carrying no net spin Aq = 0.06 ± 0.25. Also in 1993, the SLAC E142 exper
iment7 using a polarized 3He target for the first time measured g" with I f = 
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Figure 1: Variables in electron-nucleon scattering. 

—0.022 db 0.011 in agreement with the Ellis-Jaffe prediction. The total quark 
contribution to the nucleon spin was measured as Aq = 0.57 db 0.11 in disagree
ment with the SMC result. Combining the EMC proton and E142 neutron data, 
a test of the Bjorken sum rule was possible with If — T" = 0.146 ± 0.21 differing 
by 2 sigma from the predicted value of 0.187. Interpretation of the apparent dis
crepancies between the experiments were clouded by the differing average Q2, x 
range, and analysis of the two experiments. 

To clarify the experimental picture, high statistics measurements of both the 
proton and deuteron were proposed by E143. 

1.2 Kinematics 

Deep inelastic scattering experiments measure the energy E' and production angle 
9 of electrons scattered from an incident beam of energy E by a nucleon of mass 
M as shown in Fig. 1. The following scaling variables can be derived from these 
measured quantities: 

Q2 = 4EE'sm2[6/2] 

x = Q2/2M(E-E') 

y = (E- E')/E. 

In the Quark Parton Model, these variables are identified as follows: Q2 is the 
four momentum of the virtual photon, x is the fraction of the nucleon momentum 
carried by the struck quark, and y is the fraction of of the beam energy carried by 
the virtual photon. The polarized spin structure functions j i and 52 are related 



to the experimentally measured longitudinal and transverse electron asymmetries 
A\\ and A± by: 

9i(x,Q2) = ^ ^ [ i 4 „ + t«a(0/2)Aj] (1) 

E + E'cos0 . 1 
i4i —sinM|| (2) 

where Fi is the unpolarized structure function, A\\ is the cross-section asymmetry 
between negative- and positive-helicity electron beams when the target nucleon 
is polarized parallel to the beam direction, and Aj. is the asymmetry when the 
target nucleon is polarized transverse to the beam direction. The variable d is 
(1 - e ) ( 2 - j/)/[y(l + €«)] where «-> = 1 + 2[1 + (^/Q 2)]tan 2(0/2), v = E-E\ 
and R is ratio of the longitudinal and transverse virtual photon cross sections. 

1.3 Sum Rules 

The sum rule originally derived by Bjorken3 is 

r? - r j = / (rf(*) - #(*)) dx = i g <?2 = oo (3) 
where <7A and jv are nucleon axial-vector and vector couplings determined presently 
from P decay as gA/gv = 1.2573 ± 0.003 (Ref. 8). QCD corrections9 multiply 
<fa/(6<7y) by a factor ci calculated to order a 3 : 

C l = 1 _ £ ^ _ 3 . 5 8 ( ^ ) ^ 2 0 . 2 2 ( ^ ) 3 . (4) 

For the number of contributing quark flavors, nj = 3 and a, (Q2 = 3) « 0.35 ± 0.0510 

yields: 
r j - r? = i ^ C l = 0.171 ± 0.008. (5) 

Assuming SU(3) symmetry in hyperon decays and As = 0, the Ellis-Jafle4 

sum rules with second-order corrections11 are 
r ? = c i ( F ^ P ) + ( c 1 + 4 c 0 ) ( 3 F - P ) = 0 1 6 0 ± 0 0 0 6 ( 6 ) 

12 36 
o _ £ i ( F + D) + ( c 1 + 4 c o ) ( 3 F - f l ) = _ a o u ± O j 0 O B - ( 7 ) 

12 36 
The hyperon constants F/D = 0.575 ± 0.016 and F + D — gAlov were used to 
evaluate the sum rules with the singlet QCD corrections given by 

,.,-sga-.«(am)\ n 
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The Ellis-JaSe result for the deuteron structure function gf can be calculated from 
g\ and 5" by correcting for the small probability o>/j that the deuteron is in the 
D-state:1 2 

rf = o.5(r?+rj)(i - i.5wD) = 0.068 ± 0.005. (9) 
In the quark parton model, 51 has a simple interpretation as: 

a(*)=i5:«? [«ft*)-«*(*)] 2 ^ 

where qj (x) is the x distribution of quarks and antiquaries of flavor i whose helicity 
is aligned with that of the nucleon, q\ are quarks with helicity antialigned with 
the nucleon, and e,- is the quark charge. With A« = q}(x) — qf(x) for u and u 
type quarks, and similar definitions for other quark flavors, fli for the proton and 
neutron are: 

5 f = ^ [ 4 A u + Ad + As] 

<tf = i [ 4 A d + A u + As] 

Ag = Au + Ad + As. 

The above equations, plus QCD corrections, give: 

Similar expressions hold using T", Tf. If the Bjorken sum rule is correct, all 
experiments should give the same Ag. The individual quark contributions can be 
found using: 

Au = ^ + .725 Ad = ^ - 0.532 As = ^ - 0.193. 

2 E143 Experiment 

The E143 experiment used the SLAC polarized electron beam with energies E of 
9.8,16.2, and 29.1 GeV scattering from polarized proton and deuteron targets in 
End Station A (ESA) to measure 5?, g%, gf, and g\ in the range 1.3 < Q2 < 
10 (GeV/c)2 and 0.029 < x < 0.8. The apparatus needed for these measurements 
include: a high-polarization long-pulse electron source, a Moller polarimeter, a 
cryogenic polarized ammonia target, and large solid angle spectrometers. 



Figure 2: SLAC polarized electron source. 

2.1 SLAC Polarized Beam 

The SLAC polarized electron source as used for fixed target running is shown 
in Fig. 2. A flash-lamp-pumped Ti-sapphire laser operating at 850 nanometers 
illuminated a strained lattice GaAs crystal photocathode.13 The photoemitted 
electrons were accelerated to high energy with no significant depolarization. The 
cathode is constructed from a thin strained GaAs layer grown on a five micron 
thick GaAsP buffer layer which in turn was grown on a 600 micron thick substrate 
of GaAs. The strained GaAs layer used in the photocathode was only 0.1 micron 
thick, yielding significantly higher beam polarizations in laboratory measurements 
than cathodes used in previous SLAC experiments (Fig. 3). 

The polarized electron source produced beam pulses 2 i^sec long at 119 Hz. 
Since the beam current of 2 - 4 x 109 was too low to be seen in the normal SLC 
beam position monitors, a second YAG-pumped Ti-sapphire laser was used to 
produce high intensity pulses at 1 Hz for beam position monitoring and feedback. 
This high current pulse was dumped before entering ESA. The helicity of each 
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Figure 3: Beam polarization as measured in the laboratory for the four types of 
photocathodes used in recent SLAC polarized experiments. A bulk GaAs pho
tocathode (SLC 1992) and an AIGaAs photocathode (E142 1992) were used to 
match the frequency of the flashlamp pumped dye laser used in the earlier SLAC 
experiments. The strained GaAs photocathodes with layer thicknesses of 0.3 mi
cron (SLC 1993) and 0.1 micron (E143 1993) required development of YAG and 
flashlamp pumped Ti-Sapphire lasers. 

pulse was selected randomly on a pulse-by-pulse basis to minimize instrumental 
asymmetries. The beam current was measured in the end station by two inde
pendent toroid systems with an uncertainty of < 1%. A steering feedback system 
kept the average angle and position of the beam at the polarized target essentially 
constant. Asymmetries induced by changes in beam parameters correlated with 
helicity were found to be negligible throughout the experiment. 

2.2 E143 M0ller Polarimeter 
The beam polarization was measured in ESA by a Moller polarimeter. Dedicated 
Moller runs took typically one hour and were made every one to two days. The 
E143 Polarimeter, shown in Fig. 4, differs from recent SLAC polarimeters14 in that 
double-arm coincidence detectors operated in parallel with single-arm detectors. 



E143 Mtfller Polarimeter 

27 m 

Figure 4: E143 M0ller Polarimeter. 
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In the e~e~ center of mass, the polarized cross section for M0ller scattering'5 

J ^ ^ . p a p j ^ ] ( 1 1 ) 

an « sirrO " 
and 

M e ) ~ (3 + cos^)* • ( 1 2 ) 

Here Pf (PJ) is the beam (target) longitudinal polarization. When 9 = 90°, 
A,(0) = 7/9 and both electrons in the lab frame have momenta (Euam/2) and 
equal but opposite scattering angles. The measured asymmetry is 

Amta,. = ^ = ^ = P?PjA2{<)), (13) 

where a^ (CT^) is the cross section for beam and target spins aligned (anti-
aligned). 

Until recently, it was assumed that the M0ller asymmetry was constant across 
the measured peak. However, it has been pointed out by Levchuk16 that the 
electron orbital motion of the target foil electrons could have a significant effect 
on the Moller lineshape. The atomic electrons have a shell dependent momentum 
distribution. Electrons in the outer shells have small momenta but those from 
the inner shells have momenta about 100 KeV/c. Although small compared to a 
beam energy of 29 GeV, these momenta are not small compared to the electron 
rest mass and can alter the scattering angle by up to 10%. The effect causes 
different line shapes for scatters from different shells. Since the polarized target 
electrons are only in the 3d (M) shell, the fraction of signal from the polarized 
target electrons and thus the expected M0ller asymmetry varies over the M0ller 
scattering peak depending on the detector resolution and multiple scattering in 
the target material. 

The polarimeter consists of a polarized electron target, a mask to select Moller 
scattered electrons in the vertical plane, an analyzing magnet, and both single- and 
double-arm detectors. The six polarized foil targets (49% Fe, 49% Co, 2% Va) are 
mounted at a 20° angle to the beam and placed inside a 100 Gauss magnetizing 
field. The foil polarization was measured to be 0.0803 for the 20 //m foils and 
0.0814 for the 30,40, and 154 pm foils with a relative systematic error of 1.7%. 

A collimator downstream of the the target (Fig. 5) selects scattering angles 
transverse to the bend plane of the following dipole magnet. The collimator has 
wedge-shaped apertures of constant phi acceptance (0.2 radian top, 0.22 radian 



bottom) to maintain good acceptance for M0ller scattered pairs over the entire 
double-arm detector acceptance of 70-110° in the center of mass. 

The scattered electrons exit the beam pipe and are momentum analyzed by a 
large aperture dipole magnet with an / Bdl of 21 kG-m. A large 3.2 inch thick 
septum reduces the field seen by the forward scattered beam inside the beampipe, 
minimizing backgrounds in the detector. Since Moller scattering is elastic, the 
scattered electrons have a 6-p correlation which produces a spatial x—y correlation 
after the magnet (see Fig. 5). In Fig. 6, the position of the single- and double-arm 
detectors are shown relative to the M0ller scattered electrons. 

The single-arm detector consists of eight silicon pad detectors 12 channels wide 
operating in parallel behind three radiation lengths of lead. The lead convertor 
absorbs soft photon backgrounds and amplifies the Mailer signal. Each detector 
accepts a specific x (momentum) range. The pad widths are large and the M0ller 
peak is mostly contained in two channels. For this reason, corrections to the line 
shape for target momenta are small and change the expected M0ller asymmetries 
in the center channels by only 3%. A signal is integrated over the entire beam 
pulse for each channel and recorded with the sign of the beam polarization. The 
number of M0ller scattered electrons detected per pulse varies with current and 
target thickness, but is typically ten per pulse. Since the momenta and scattering 
angles of the M0ller scatters are correlated, the scatters fall in a tilted stripe at 
the detector and are seen as an elastic scattering peak with a small radiative tail 
above an unpolarized background. After a data run, an average signal is calculated 
separately for the two beam helicities. An unpolarized signal and an asymmetry is 
computed from these quantities channel by channel. The background is fit to the 
wings of the distribution and subtracted from the region of the M0ller peak. The 
observed asymmetry of the Miller signal is then related to the beam polarization 
by Eq. (13). 

Behind the silicon detectors is a Pb-glass block array with seven 4-by-4-inch 
blocks above and below the bend plane. Both electrons from a M0ller scatter 
are- seen by looking for time coincidences between appropriate pairs of top and 
bottom blocks. The time resolution is w 1 nsec, yielding sharp coincidence peaks 
with negligible background. The large size of the lead glass blocks contains all of 
the M0ller lineshape; consequently, corrections for target electron momenta are 
< 1%. The observed raw asymmetry of the coincidence pairs only needed small 
corrections for deadtime and acceptance. The results of the single- and double-arm 
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Figure 5: Spatial distribution of M0ller scattered electrons at the mask (top), 
magnet exit (middle), and downstream momentum slit (bottom). 



measurements were in good agreement. The systematic error in the double-arm 
measurements was considerably smaller than the error in the single-arm detectors 
which had larger corrections and uncertainties for backgrounds and lineshape. 
The double-arm detector measurements are used throughout this paper. 

Beam polarization measurements were made daily throughout B143 and were 
found to vary with the quantum efficiency (QB) of the SLAC polarized gun 
[Fig. 7(b)]. The measurements were fitted to an arbitrary functional form which 
was used to interpolate Pb«am between M0ller measurements using the frequent 
measurements of QE shown in Fig. 7(a). The measured values of 0.83-0.86 were 
in good agreement with other polarimeter measurements of beam from this type 
of photocathode. The spread of the daily measurements about the fitted Pb«»m 
versus QE function was somewhat larger than could be explained by statistics, 
either due to systematic errors in the Moller measurements or to nonreproducibil-
ity in the P versus QE behavior of the beam. Including all of these effects and 
the uncertainty in the foil polarization, the overall systematic error on the E143 
beam polarization measurements was calculated to be 0.02. 

2.3 Polarized Targets 
Cryogenic ammonia and deuterated ammonia targets polarized by dynamic nu
clear polarization provided the polarized protons and deuterons needed for this 
experiment. The polarized target assembly shown in Fig. 8 contained three target 
cells. The 3 cm long, 2.5 cm diameter porous target cylinders were filled with 
granules of either ammonia 15NH3 (99.7% 1 5N isotopic purity) or deuterated am
monia 1&ND3 (98% D isotopic purity), and immersed in a vessel filled with liquid 
He maintained at 1° K using a high-power evaporation refrigerator. Supercon
ducting coils provided a uniform field of 4.8 T over the cell volume. A third, 
empty cell was used to measure scattering rates from the target cell walls, NMR 
coils, and cooling helium. 

The target material was polarized by the technique of dynamic nuclear polar
ization. The ammonia granules were pre-irradiated17 with 30 to 350 MeV electron 
beams to create a dilute assembly of paramagnetic radicals. During the exper
iment, the targets were exposed to 138 GHz microwaves to drive the hyperfine 
transition which aligns the nuclear spins with the magnetic field. This technique 
produced proton polarizations of 65 to 80% in ten to 20 minutes. Deuteron po-
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Figure 7: (a) Quantum efficiency of the source photocathode during the E143 
experiment, (b) Beam polarization measured by the E143 M0ller polarimeter 
double-arm detectors versus the quantum efficiency of the source photocathode. 
The fitted curve was used to interpolate between M0ller polarization measure
ments. 
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Figure 8: The E143 polarized target. 



larizations of 25 to 40% were achieved with somewhat longer polarizing times. 
After exposure to the electron beam for eight to 12 hours, the proton polarization 
typically dropped to 50 to 55% due to radiation damage by the beam. Most of 
the radiation damage was repaired by annealing the target at about 80° K. 

The electron beam was rastered over the 4.9 cm2 front surface of the target to 
distribute beam heating and radiation damage uniformly. The rastering pattern 
was such that the beam returned to the same spot on the target only once per 
second, resulting in negligible local depolarization effects due to beam heating. 
After typically ten anneal cycles, the average polarization began to decline and 
the material was replaced. The target polarization direction was usually reversed 
after each anneal by adjusting the microwave frequency. Also, the direction of the 
magnetic field was reversed several times during the experiment. Approximately 
equal amounts of data were taken in each of the four polarization/field direction 
combinations, and the measured asymmetries were consistent for the four data 
samples. 

The target polarization Pt was measured using a series LCR resonant circuit 
and Q-meter detector.18 The inductance was supplied by an NMR coil embedded 
in the ammonia granules, calibrated by measuring the thermal-equilibrium (TB) 
signal near 1.6° K with beam and microwaves off. The results of these periodic 
calibrations for the ammonia targets is shown in Fig. 9. The total relative system
atic error on Pt was 2.5% for the proton targets, dominated by the observed 2.2% 
rms spread in the TE measurements. The corresponding uncertainty for deuteron 
targets was 4% of Pt. 

2.4 Spectrometers 

The scattered electrons with energy Ef between 6 and 25 GeV were detected in 
two independent magnetic spectrometers19 positioned at angles of 4.5° and 7° with 
respect to the incident beam in the horizontal plane. The spectrometers shown in 
Fig. 10 were first used in the E142 experiment.7 Electrons were distinguished from 
a background of pions in each spectrometer using two threshold gas Cherenkov 
counters and a 24-radiation-length shower-counter array composed of 200 lead-
glass blocks. Seven planes of plastic scintillator hodoscopes were used to measure 
particle momenta and scattering angles. 
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Figure 9: Results of thermal equilibrium measurements performed periodically 
on the proton targets to calibrate the NMR coils. The measured spread of these 
measurements was used to determine the systematic error of the NMR technique. 

The design for both spectrometers utilizes two large aperture dipoles bending 
vertically with opposite polarity. The bend angles and magnet spacing were cho
sen to maximize electron acceptance over a large momentum range and to reject 
photon backgrounds. Soft or hard photons scattered from the target must bounce 
or shower at least twice from magnet or collimator edges before reaching any of 
the active detector elements. Lead collimators before and after the dipoles define 
the angular acceptance and provide fine tuning of the scattering rate into either 
spectrometer arm. The overall acceptance is ±10 milliradians in the nonbend 
(horizontal) plane in the 7° spectrometer and ±5 milliradians in the 4.5° spec
trometer. The acceptence in the bend plane is correlated with momentum but is 
roughly ±14 milliradian in both arms. 

Both the 2- and 4-meter-long Cherenkov detectors contained N2 at partial 
atmospheric pressure. N2 was chosen for its low scintillation and low cross-section 
properties. The gas pressures were set so pions below 9 GeV/c in the 2-meter and 
13 GeV/c in the 4-meter would not emit Cherenkov light. Electrons of similar 
momentum were detected with > 99% efficiency in the 2-meter Cherenkov and 
with > 94% efficiency in the 4-meter Cherenkov. 



SLAC E142/E143 Spectrometers 

0 5 10 15 20 25 30 

Figure 10: The E142/E143 spectrometers contain 4.5° and 7° arms operating 
in parallel. Each arm contains two dipole magnets, 2- and 4-meter-long thresh
old Cherenkov detectors, seven hodoscope planes, and a large lead-glass shower 
counter array. 
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In Fig. 11, the trajectories of rays of differing momenta and scattering angle are 
depicted with respect to the central trajectory (E' = 12.5 GeV/c, <j>x = tf>v = 0). 
The position and angle of the rays in the hodoscope arrays are correlated to 
the scattering angle and momentum of the observed electrons. The hodoscope 
arrays are made from 3 cm wide scintillator paddles overlapped with both nearest 
neighbors achieving a bin size of approximately 1 cm. Tracks were reconstructed 
by correlating scintillator hits in both time and space with an efficiency of over 
92%. The achieved angular resolution on tracks was ±0.3 mr in the nonbend 
plane and ± 0.7-0.9 mr in the bend plane. The momentum resolution varied with 
momentum from Sp/p = 2.2% at 18 GeV/c to 6.9% at 7 GeV/c. 

The electron energy was measured in the lead-glass shower counters. The 
extruded 6 x 6 x 50-cm lead-glass blocks, previously used in the ASP experiment,20 

were stacked in a ten wide by 20 high array. Electrons were identified by the 
pattern and magnitude of the energy deposition in the lead-glass array. The energy 
resolution was measured as <r/E = ± 7%/VHi. Energy clusters were formed by 
combining shower hits above 200 MeV/c in neighboring blocks. Electrons were 
required to have an energy cluster matching an extrapolated hodoscope track to 
within 6.2 cm in x and y and within 10 nsec in time. Good electron tracks were 
also required to have momentum and energy measurements agreeing within 20%. 
The combination of the hodoscope and shower counter measurements were able 
to determine the x of the scattered electron to within 10% over the x range of 
0.029 to 0.8. 



8.8GeV/c 
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16.3GeV/c 
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Figure 11: Electron trajectories of differing momenta and scattering angles in 
(a) the 7" spectrometer bend and (b) nonbend planes. Positions are drawn relative 
to the central ray of 12.5 GeV/c and nominal scattering angle. 
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3 Data Analysis 

3.1 Data Set 
The data collected by E143 are tabulated in Table 1. Over 200 million triggers 
were logged on proton and deuteron targets, primarily at an incident beam energy 
of 29.1 GeV. Data with lower beam energies of 16.2 and 9.8 GeV were taken to 
check the Q 2 dependence of the measured asymmetries. About 1/4 of the data 
was with the target spin oriented perpendicular to the incoming beam helicity to 
measure A\. and gt. Special runs were taken with empty target cells or reversed 
spectrometer magnet polarities to measure various contaminations in the electron 
signal. Data were also taken with aluminum and carbon targets to allow compari
son of the measured cross section with previous experiments. The analysis in this 
paper uses only the data at 29.1 GeV. 

3.2 Measured Asymmetries 
Electron tracks satisfying the previously discussed analysis cuts were tabulated 
by target and beam helicity, beam energy, scattering angle, energy, x, Q 2, and 
incident charge. The counts were normalized by the incident charge on target 
and corrected for deadtime in the data acquisition system. The experimental 
longitudinal and transverse asymmetries A\\ and A± were determined from 

* ("^-(3S$)7fe+ A"- (14) 

Ni and NR are the corrected numbers of scattered electrons per incident charge 
for negative and positive beam helicity, respectively; C is a correction factor for 
the polarized nitrogen nuclei; / is the dilution factor representing the fraction of 
measured events originating from polarizable hydrogen or deuterium within the 
target; and ARC is the radiative correction. The corrected rates NR and Ni were 
adjusted for contributions from secondary sources (such as e + /e~ pair production 
from photons) measured by reversing the spectrometer polarity. These processes 
showed no measurable asymmetry. The corrections to the rates were 10% at the 
lowest x bin and decreased rapidly at higher x. C was determined from measured 
1 5 N polarizations and a shell-model calculation to determine the contribution of 
the unpaired p-shell proton. C was typically 0.98 for the proton (NH3) target 



E143 Data Summary 

Target Field Energy 
(GeV) 

Target Beam charge 

(electrons xio 1 5 ) 
Electrons 

(triggers xio 6) 

0 Longitudinal 29.13 1 5 N H 3 130 39 
1 6 N D 3 170 77 

16.20 1 5 N H 3 37 11 
1 6 N D 3 17 7.5 

9.8 1 S N H 3 19 6 
1 5 N D 3 16 7 

Transverse 29.13 1 5 N H 3 56 17 
1 5 N D 3 69 30 

Either/none all C, Al, Empty 16 8 

2X10° 

Table 1: E143 data^summary. The approximate charge on target and number of 
triggers logged are shown by energy and target type. 

and 1.016 for the deuteron (ND3) target. The deuterium data required an addi
tional correction factor in Eq. (14) to correct for the polarization of the 2% NH3 
contamination in the ND3 target. 

3.3 Dilution Factor 
The dilution factor / for the proton data varied with x between 0.13 and 0.17. 
It was determined from the number of measured counts expected from each com
ponent of the liNH3 target, which contained by weight about 13% free protons, 
65% 1 5N, 10% "He, 6% Al, 5% Cu, and 1% Ti. The relative systematic error 
in / ranged from 2.2% to 2.6%, as determined from uncertainties in the target 
composition and in the expected ratios of cross sections from different nuclei. 

- 488 -

The deuteron target contained by weight about 23% deuterons, 56% 1 5 N, 10% 
4He, 6% Al, 4% Cu, and 1% Ti. The dilution factor was also z-dependent and 
varied from 0.22 at low x to 0.25 at high x. The relative systematic error in / 
was determined in a similar fashion and again ranged from 2.2% to 2.6%. 

3.4 Radiative Corrections 
The structure functions and sum rules are written at the Born level and assume 
that single photon exchange dominates the cross section. The measured cross 
sections and asymmetries, however, may contain sizable contributions from higher 
order internal radiative diagrams and from external radiation in the solid target. 
The primary effect of these processes is to move scattering events at a given 
E' and 0 to lower E'. The radiative correction ARC corrects for these effects 
and includes both internal21 and external22 contributions. The internal radiative 
corrections for both A\\ and Aj. were evaluated using the formulae of Kukhto and 
Shumeiko.21 The cross-section components of the asymmetry were "externally 
radiated" according to Tsai 2 2 to form the "fully radiated" asymmetry corrections 
ARC. The correction varied slowly with x and typically changed AJJ by < 2%. The 
measured deuteron target asymmetries were small; consequently, ARC changed the 
deuteron asymmetry by 10% of its value. Systematic errors on ARC w e r e estimated 
based on uncertainties in the input models used to fit the data and correspond to 
relative errors on ARC for the proton targets of typically 2% for x > 0.1, increasing 
to 11% at x = 0.03. 

4 R e s u l t s 

4.1 Proton Data at 29.1 GeV 

From A\\ and Ax, the ratio (fi/Fx was calculated using the definition in Eq. (1). 
The ratio of virtual photon total absorption cross sections R = OLJOT was com
puted from a global fit23 of world data. The ratio g\jF\ is related to the virtual 
photon longitudinal asymmetry A\ — (pi/Fi) — T^ffe/Fi), or A\ = d~l{A||(l + 
7 2 j / /2)- 7 2y/lx/[2 tan(0/2)]}, where 7 2 = Q 2/i/ 2 . The approximation A\ = gi/Fi 
is valid only when 7 « 0 or 52 « 0. 
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Figure 12: The ratio $?/Ff measured by E143, and data from SLAC E1302 and 
the CERN SMC experiment.25 

The values of flf/Ff from this experiment24 at B = 29.1 GeV are tabulated in 
Table 2 and displayed in Fig. 12 along with the results of previous experiments. 
Data from the two spectrometers, which differ by about a factor of two in average 
Q2, are consistent in the overlap region 0.07 < x < 0.55 and therefore have been 
averaged together. The systematic errors include contributions from R,, Pt, / , and 
ARC discussed above, as well as 3 to 5% in d arising from the uncertainty in R. 

It can be seen in Fig. 12 that both the previous SLAC data 2 and the higher 
Q2 SMC data 2 5 (< Q2 > = 10 (GeV/c)2) are in agreement with the data of this 
experiment, indicating that to a good approximation, pf/Ff is independent of Q2 

over the (x,Q2) range where this ratio has been measured. The SLAC E130 data 
are plotted assuming A± = 0 (the experiment measured A\\ only), and the SMC 
data are plotted assuming gi/Fi w Ai, which is a good approximation at their 
beam energy of 190 GeV. 
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Table 2: Average values rf/Ff from the E = 29.1 GeV data of this experiment 
at the indicated average values of Q2. Also shown are values of (fi at fixed Q2 = 
3 (GeV/c)2, evaluated assuming sf/Ff is independent of Q2. 

X <Q2> Am <tf at Q2 = 3 (GeV/c) 2 

(GeV/c)2 ±stat. ±sys. ±stat. ±sys. 
0.031 1.27 0.048 ±0.029 ±0.008 0.223 ±0.132 ±0.040 
0.035 1.39 0.075 ±0.022 ±0.008 0.308 ±0.092 ±0.037 
0.039 1.52 0.055 ±0.021 ±0.008 0.203 ±0.077 ±0.034 
0.044 1.65 0.091 ±0.020 ±0.008 0.295 ±0.066 ±0.031 
0.049 1.78 0.127 ±0.020 ±0.008 0.366 ±0.058 ±0.028 
0.056 1.92 0.117 ±0.020 ±0.008 0.300 ± 0.052 ± 0.024 
0.063 2.07 0.114 ±0.020 ±0.009 0.258 ±0.046 ±0.021 
0.071 2.22 0.122 ±0.020 ±0.010 0.245 ±0.041 ±0.019 
0.079 2.49 0.205 ±0.020 ±0.011 0.368 ±0.036 ±0.017 
0.090 2.79 0.164 ±0.020 ±0.012 0.263 ±0.032 ±0.015 
0.101 3.11 0.199 ±0.020 ±0.013 0.284 ±0.029 ±0.014 
0.113 3.40 0.225 ±0.021 ±0.014 0.287 ±0.027 ±0.014 
0.128 3.71 0.212 ±0.022 ±0.014 0.242 ±0.025 ±0.013 
0.144 4.03 0.260 ±0.023 ±0.014 0.265 ±0.023 ±0.013 
0.162 4.38 0.273 ±0.024 ±0.015 0.249 ±0.022 ±0.012 
0.182 4.73 0.318 ±0.025 ±0.016 0.258 ±0.020 ±0.012 
0.205 5.06 0.336 ±0.027 ±0.018 0.242 ±0.019 ±0.012 
0.230 5.41 0.313 ±0.029 ±0.020 0.199 ±0.019 ±0.012 
0.259 5.73 0.419 ±0.033 ±0.023 0.233 ±0.018 ±0.012 
0.292 6.05 0.363 ±0.037 ±0.026 0.174 ±0.018 ±0.011 
0.328 6.40 0.409 ±0.043 ±0.028 0.167 ±0.017 ±0.010 
0.370 6.72 0.403 ±0.049 ±0.030 0.137 ±0.017 ±0.009 
0.416 7.06 0.679 ±0.058 ±0.032 0.187 ±0.017 ±0.008 
0.468 7.37 0.630 ±0.071 ±0.034 0.138 ±0.016 ±0.007 
0.526 7.64 0.635 ±0.088 ±0.036 0.109 ±0.015 ±0.007 
0.592 8.92 0.722 ±0.133 ±0.038 0.095 ±0.018 ±0.007 
0.666 9.05 0.428 ±0.192 ±0.040 0.041 ±0.019 ±0.007 
0.749 9.18 0.837 ±0.300 ±0.043 0.052 ±0.019 ±0.008 
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Figure 13: xg\ versus x as measured by E143. The error bars are statistical only. 
The size of the systematic error is shown by the shaded bar and is always smaller 
than the statistical error. 

Values of xg\ at the average Q2 = 3 (GeV/c)2 of this experiment are shown in 
Fig. 13. The evaluation at constant Q2 is model-dependent, and we have made the 
assumption that pf/Ff depends only on x (Ref. 26). For Ff = (l+7 2)F|/[2a:(l + 
R)], we used the NMC fit27 to F | and the SLAC fit23 to R. Using the SLAC 
global fit28 to F$ gives similar results. The systematic errors on jf include an 
ar-dependent error on the ratio F?/d which varies from 2.5% in the mid-s range 
to 4% at low x and 10% at high a;. The integral of g\ over the measured range 
0.029 < x < 0.8 is proportional to the area under the data points in Fig. 13, 
yielding /0°b8

295f (x)dx = 0.120 ± 0.004 ± 0.008, where the first error is statistical, 
and the second is systematic. The value of the integral is decreased by 0.006 if gi 
is computed from Ai and A2, and both A\ and At are assumed independent of 
Q2 instead of assuming that gi/Fi is independent of Q2. 

An extrapolation from a; = 0.8 to x = 1 was done assuming gi is proportional 
to (1 - x)3 at high x (Ref. 29); this yields flsg[(x)dx = 0.001 ± 0.001. The 
extrapolation to a: = 0 is more model dependent. The data for x < xmax were 
fit using the Regge motivated form30 g\ = Cx~a, where a was restricted to the 
range3 1 -0.5 < a < 0, and the results are / 0

0 - 0 2 9 sf (x)dx = 0.006±0.006. The error 
includes a statistical component, the uncertainty in a, and the effect of varying the 
fitting range from xmax = 0.03 (for which only SMC and EMC data contribute) 
to xmax = 0-12 (for which the present data dominate). The fit for a = 0 and 
xmax — 0.1 is shown in Fig. 2. An alternate functional form32 g\ = C\n(l/x), 
which provides a good fit to the low-a: F% data from NMC and HERA, leads to 
/o0'029$i(z)<& = 0.013 ± 0.003. 

Assuming that fli/Fi depends only on x and that pf follows the Regge form 
at low x, the total integral is TJ = 0.127 ± 0.004 ± 0.010. This is in good 
agreement with the value from SMC,2 5 Tf = 0.122 db 0.011 ± 0.011, obtained 
at Q2 = 3 (GeV/c)2 assuming gijF\ w Ai is independent of Q2. Our result 
is considerably lower (by 2.7 sigma) than the Ellis-Jaffe sum rule prediction of 
Sg\ = 0.160 ± 0.006 from Eq. (6). 

4 .2 D e u t e r o n D a t a 

The deuteron data from the two spectrometers are also consistent with A*, A%, 
and gf/Fx being independent of Q2 in the overlap region 0.07 < a; < 0.5, and 
were averaged together. The values of Aj from this experiment at E = 29.1 GeV 
(Ref. 33) shown in Fig. 14 and listed in Table 3 are consistent with earlier, less 
precise results from the SMC Collaboration.6 

Values of g{ at the average Q2 = 3 (GeV/c)2 of this experiment are shown 
in Fig. 15(a). The evaluation of gf at constant Q2, as in the proton, is model 
dependent and was made assuming that g{/F{ depends only on a;. The systematic 
error on F* is typically 2.5%, increasing to 5% at the lowest x bin and 15% at 
the highest x bin. The integral of gf at Q2 = 3 (GeV/c)2 and over the measured 
range 0.029 < x < 0.8 is J°:mai(x)dx = 0.041 ± 0.004 ± 0.004. The integral is 
decreased by 0.003 if we make an alternate assumption that both A\ and A$ are 
independent of Q2. 

Assuming^ varies as (1—a;)3, the extrapolation for x > 0.8 yields J|J3 g((x)dx = 
0.000±0.001. Fitting the data to the Regge-motivated form gives J°- 0 2 9 g\(x)dx = 
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Figure 15: The variable xg\ from this experiment (E143) as a function of x for 
(a) the deuteron and (b) the neutron. The errors are statistical only. Systematic 
errors are indicated by the shaded bands. Also shown are neutron data from 
SLAC E142. 

0.001±0.001. The uncertainty is calculated in a similar manner to the proton data. 
The alternate form g{(x) = C log(:r) gives similar results. The Ellis-JafFe sum 
rule predicts Tf = 0.068 ± .005 where the measured value is r f (£143) = 0.043 ± 
0.004(stat.)±0.004(sys.), a 3.3 a discrepancy. This measurement of Tf is the most 
precise test of the Ellis-Jaffe sum rule to date. This result is also consistent with 
the results of SMC: 6 rjf(SMC)= 0.023 ± 0.020(stat.) ± 0.015(sys.). 

4.3 Neutron Data 
The neutron spin structure function can be extracted using the relation g\(x) 
+ 9i(x) = 2g((x)/(l - 1.5 wD), where uD = 0.05812 is the probability for the 
deuteron to be in a D-state. The results obtained using our measurements of 
Pi (x) and ffi (x) (Ref. 24) are compared in Fig. 15(b) with the results obtained by 
E142 (Ref. 7) using a 3He target. Using the same extrapolation procedure as in 
the case of the deuteron, we find rj(E143) = -0.035 ± 0.010(stat.)±0.011(sys.), 
compared with r?(£?142) = -0.022 ± 0.007(stat.)±0.009(sys.). The correlations 
between proton and deuteron measurements were accounted for when determining 
the systematic uncertainty. The Ellis-JafFe sum rule prediction for the neutron 
from Eq. (8) is /p? = -0.011 ± 0.005. 

4.4 Bjorken Sum Rule 

The Bjorken sum rule prediction can be tested by combining proton and deuteron 
results: <tf(x) - 5 f (a) = 2g{{x) - 2gf(x)/(l - 1.5uD). At Q2 = 3 (GeV/c)2, 
TPi(E143)-mEU3) = 0.164 ±0.011(stat.)±0.017(sys.). This result is consistent 
with that obtained by combining the TJ result from this experiment24 and the T" 
result from E142 (Ref. 7): r?(£143) - ry(JS142) =' 0.151 ± 0.008(stat.) ± 
0.013(sys.). Both determinations of the Bjorken sum rule are consistent with the 
prediction of Tf - Ff = 0.171 ± 0.008 at 3 (GeV/c)2. Combining with SMC 
deuteron data 6 gives a result that is also in agreement with the prediction, within 
larger errors. 

4.5 Net Quark Helicity 

The proton and deuteron integrals can be used individually within the quark par-
ton model to extract the contributions to the nucleon helicity of each type of quark 
and antiquark using Eq. (10). If the Bjorken sum rule is satisfied, the computed 



fractions should be consistent for both targets. Substituting the measured proton 
integral into Eq. (10), we find that the fraction of the nucleon helicity carried 
by the quarks is Ag = 0.29 ± 0.10. The fraction carried by strange quarks and 
antiquaries is As = -0.10 ± 0.04. If the analogous formulae for the deuteron 
are used with the measured deuteron results, we find Ag = 0.35 ± 0.05 and 
As = —0.08 ± 0.03 in good agreement with the proton-derived result. A value 
of Ag = 0.58 is predicted by the Ellis-Jaffe sum rule. Averaging the E143 pro
ton and deuteron results, the net quark helicity is found to be Ag = 0.34 ± 0.04 
and the net strange quark helicity is found to be As = —0.09 ± 0.02. These 
results are considerably more precise than earlier determinations by EMC5 (pro
ton) Ag = 0.12 ± 0.17, SMC6 (deuteron) Ag = 0.06 ± 0.25, SMC 2 5 (proton) 
Ag = 0.22 ± 0.14, and E1427 (neutron) Ag = 0.57 ± 0.11 where the reported 
statistical and systematic errors have been added in quadrature. Fortuitously, a 
weighted average of the EMC, SMC, and E142 results also yield Ag = 0.34 ±0.08. 

5 Summary 
In conclusion, E143 has made high statistics measurements of the proton and 
deuteron spin structure functions g\ and gf with considerably smaller statistical 
errors than previous electron scattering experiments at SLAC1'2 and muon scat
tering experiments at CERN. 5' 2 5 The data violate the predictions of the Ellis-Jaffe 
sum rule at the 2-3 sigma level, confirming the earlier, less precise results. Com
bining the proton and deuteron measurements, the difference Tf — T" is in good 
agreement with the fundamental Bjorken sum rule. Interpreting the results in 
the QPM, the data imply that 0.34 ± 0.04 of the proton helicity is carried by the 
quarks. 

6 Future Experiments 

E143 is continuing analysis of the proton and deuteron data with results for g\ 
and 02 expected soon. The Q 2 dependence of g\ is also under study, utilizing 
the data taken at lower beam energies, and should be available in 1995. SLAC 
is presently upgrading the beam transport line into ESA to allow the delivery of 
50 GeV polarized beams. SLAC E154 will take data in the fall of 1995 with a 

gaseous 3He target to measure the neutron spin structure functions at lower x and 
higher x and Q 2 than E142. In 1996, SLAC E155 will reuse the E143 cryogenic 
target at the higher beam energy to extend the present measurements in x and 
Q2. New spectrometers will be built jointly by the two experiments to exploit the 
new kinematics and to accommodate the expected higher rates. Since the average 
Q2 of the new experiments, Q2 = 5(GeV/c)2, will be substantially higher than 
E142 (Q 2 = 2(GeV/c)2 or E143 (Q2 = 3(GeV/c)2, comparison of the measured 
structure functions will test the importance of nonperturbative QCD (twist) effects 
which are expected to scale like 1/Q2. Establishing that the measured structure 
functions obey the scaling assumptions of Bjorken and Ellis-Jaffe would greatly 
simplify the theoretical interpretation of these results. 

Elsewhere, the SMC collaboration will take further data with deuteron targets 
in 1995-1996. The HERMES experiment will start operation in 1995 using polar
ized hydrogen, deuterium, and 3He gas jet targets in the electron storage ring at 
HERA. The use of gas jet targets greatly improves the dilution factor reducing 
systematic uncertainty. A large acceptance forward spectrometer will tag outgoing 
electrons and hadronic particles for detailed polarization studies. HERMES will 
operate parasitically with the HERA operation and should be able to accumulate 
high statistics for each of the different targets at beam energies < 30 GeV. 
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1 The ZEUS Detector 
ZEUS is a magnetic detector1 at the electron-proton storage ring HERA. Figure 1 
shows a vertical cross section through the detector in the plane which contains the 
HERA beamline. Protons of 820 GeV collide with electrons of 26.7 GeV in the 
center of the detector. The interaction point is surrounded by the tracking detec
tor system which consists of a small drift chamber, the vertex detector,2 a large 
cylindrical drift chamber,3 and planar drift chambers and transition radiation de
tectors at both ends of the large cylindrical drift chamber. The tracking detector 
system is placed inside a superconducting solenoid which produces a magnetic 
field of 1.43 T. The high resolution uranium-scintillator calorimeter,4 which en
closes the tracking detector system, consists of three parts: the forward* calorime
ter (FCAL), the barrel calorimeter (BCAL), and the rear calorimeter (RCAL). The 
high resolution calorimeter covers the complete solid angle of 4n except for holes 
of 20 cm x 20 cm cross section in the FCAL and RCAL to accommodate the 
HERA beampipe. The inner ZEUS detector is surrounded by an iron flux return 
yoke. The yoke is instrumented with proportional tube chambers and acts as a 
backing calorimeter to detect energy leaking out of the high resolution calorimeter. 
The iron yoke is sandwiched between limited streamer tube chambers to identify 
and to measure muons. In the forward direction, muon detection is reinforced by 
additional toroidal magnets, and a system of drift chambers and limited streamer 
tube chambers. The luminosity monitor5 consists of two small lead-scintillator 
calorimeters in the HERA tunnel which measure the rate of the Bethe-Heitler 
process e + p -¥ d + p + 7 by detecting the scattered electron and the radiated 
photon. The leading proton spectrometer consists of six stations with silicon strip 
detectors very close to the proton beam in the HERA tunnel to measure protons 
scattered under very small angles. 

*The direction of the incident protons is called forward. The ZEUS coordinate system is chosen 
such that the z axis points forward, the y axis upwards, and the x axis towards the center of 
the HERA ring. 

2 Photoproduction Results from ZEUS 
When a 26.7 GeV electron collides with an 820 GeV proton in HERA, the most 
likely process is that it emits a virtual photon and gets scattered under an angle ©«. 
The photon then interacts with the proton, see Fig. 2. 

The virtuality of the emitted photon is given by the square of the difference 
of the four vectors of the incoming electron (k) and the outgoing electron (k1): 

Q2 = -g2 = -{k-k')2. 

We are dealing with a photoproduction reaction if Q2 « 0. The energy transfer 
from the electron to the proton in the rest system of the proton is given by: 

where Ep and mp are the energy and the mass of the interacting proton, and 25£ is 
the energy of the scattered electron. Alternatively, the Lorentz invariant variable 

v Ee-Ei 
y = w —- -

Vmaz Ee 

is used. Another quantity which characterizes the process is the hadronic center 
of mass energy W which is given by: 

W2 = {q + p)2^AE1Ep. 

The electron-proton collider HERA is equivalent to a fixed target photopro
duction experiment with photon energies up to 48 TeV. 

Experimentally, one distinguishes two classes of photoproduction events: 

• In tagged photoproduction events, the scattered electron is detected in the 
electron calorimeter of the luminosity monitor. This restricts the Q2 of the 
events to 10" 7 < Q2 < 2 x 10"2 GeV2. 

• In untagged photoproduction events, the scattered electron is not detected. 
It is detectable in the ZEUS calorimeter for Q2 > 4 GeV2. For untagged 
photoproduction events, the median value of Q2 is ss 0.001 GeV2. 

In both cases, the average Q2 values are very small, and it is justified to speak of 
photoproduction reactions. 
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Fig. 2. A diagram for a photoproduction reaction. 
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2.1 The Many Faces of the Photon 
It is well-known that in reactions which involve only low transverse momenta, the 
photon behaves like a hadron. At low energies, this feature is sufficiently well-
described by the vector meson dominance model (VDM).6 The photon fluctuates 
into a vector meson state {p,u,<t>) which then interacts with the proton. These 
interactions are elastic vector meson scattering, single and double diflxactive scat
tering, and nondiffractive scattering, see Fig. 3. In nondiffractive scattering, the 
final state may also contain high transverse momentum particles. 

Photoproduction reactions involving high transverse momenta are supposed 
to be described by perturbative Quantum Chromodynamics (QCD). In lowest 
order QCD, there are two ways for the photon to interact with constituents of the 
proton: 

• As shown in Fig. 4(a), the photon couples directly to the electric charge of a 
quark inside the proton. The whole momentum of the photon is transferred 
to the scattered quark. 

• The photon fluctuates into a hadronic state and only a fraction of this state 
interacts with the proton. An example is shown in Fig. 4(b). In this case, 
part of the initial momentum of the photon is carried away by the photon 
remnant. One calls this a resolved photon interaction. 

The distinction between direct and resolved processes is not so strict in higher 
orders of QCD. 

2.2 The Total Photoproduction Cross Section 

In the ZEUS experiment, the total photoproduction cross section was measured 
using a sample of tagged photoproduction events at an average photon-proton 
center-of-mass energy of < Wlp > = 180 GeV (Ref. 7). We identified the major 
contributions to the total cross section by fitting Monte Carlo models of the var
ious subprocesses to the measured energy distributions in the calorimeter parts 
(FCAL, BCAL, and RCAL). The same models were used to calculate the detec
tor acceptances for the subprocesses. In this way, the total cross section as well as 
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the fractional ones for the subprocesses were determined. Primarily, a cross section 
for the ep reaction is calculated. It is related to the 7p cross section by 

where Fn is a known flux factor for the radiation of photons from the incoming 
electron. The result is: 

ff«(TP) = (143±4±17)p6. 

The contributions of subprocesses are: (12.7 ± 1.5 ± 4.7)% elastic vector meson 
scattering, (23.3 ± 2.7 ± 4.3)% for single- and double-diffractive processes, and 
(64.0 ± 0.9 ± 3.6)% for nondiffractive reactions. Figure 5 shows the total pho-
toproduction cross section, measured by ZEUS, together with the measurement 
of HI (Ref. 8) at HERA and measurements at lower Wlp values.9 Also shown 
are extrapolations of cross-section parametrizations by Donnachie and LandshofF 
(DL),1 0 and by Abramowicz, Levin, Levy, and Maor (ALLM),11 which are both 
based on Regge Theory, as well as a QCD-inspired prediction (minijets).12 The 
Regge-based extrapolations are in agreement with the ZEUS and HI measure
ments. The "minijet" prediction shows a faster rise with W 7 P but is also compat
ible with the data. 

2.3 Vector Meson Production 

Elastic vector meson production has been observed at ZEUS in various channels in 
untagged photoproduction events. In Figs. 6(a)-(d), the signals for p, w, <j>, and J / * 
production are shown. 

The analyses are still in progress. Preliminary cross sections are: 1 3 for p pro
duction, 

(7(7p ->• p°p) = (12.5 ±0.7 ±2.8) i*b forp 2 < 0.5 GeV2, < Wlp > = 70 GeV, 

where pt is the transverse momentum of the p°. 

For J/9 production, 

a(tp->J/<$+p->e+e-+p) = (62 ± 13 ± 13) nb at 40 < Wlp < 75 GeV 
<r(7P -> J/9 + p - • e + e" + p) = (70 ± 16 ± 13) nb at 75 < W w < 140 GeV 



ISO j-

' • " • T " • ' 
• low energy dota 
• H I Fall 9 2 
* ZEUS Foil 9 2 

. • • • " i 

mlnljati 

too j- ,/ -

ISO ': 

^WMiw--~-w>---*s' ̂ A 
100 - T~M*W •-*—"*•" -

50 

: 

W„ (GeV) 

Fig. 5. The total photoproduction cross section as a function of 
the hadronic center-of-mass energy W. 

ZEUS 1993 prcliminorv 

0.7 OS 

Fig. 6(a). The p signal with a mass fit Fig. 6(b). Invariant mass spectrum of 
including a Soding type interference t w o charged pions plus one neutral 
term (dashed-dotted). pion. 

ZCUS preliminary 

Fig. 6(c). Invariant mass spectrum of two charged kaons. 

ZEUS PRELIMINARY 

eiottic J/+ -> i V J] 

bJlnJJl£,.B[linn.,r, 
2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 

Invariant mass GeV 

16 L e'oslic J/+ -> n'tC 

u 
12 
10 
8 
6 \ \ 
4 
2 n n..i...i l.i...1.rvi. .rflFIl-,, 

2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3 3 4 

Invariant mass GeV 

Fig. 6(d). Invariant mass spectra for e+e~ pairs and /i +/J" pairs in 
the mass region 2-4 GeV. 

499 -



«r(7P -> J/tf + p -> H*H~ + p) = (48 ± 12 ± 14) nb at 40 < Wlp < 90 GeV 
o(?IP-* J/tf + p - > / i + / r + p ) = (84 ±21 ±24) n6a t90< W 1 P < 140 GeV. 

In the case of "elastic" J/\P cross sections, an as-yet-undetermined contribution 
from proton dissociation is present in the data. All cross sections are corrected for 
the branching ratios of the J/<$ decay channels. In Fig. 7, the ZEUS results are 
compared to measurements at lower energies.14 While <r(yp -» p°p) is consistent 
with a slow rise for W > 10 GeV, the a{tp -> J / * + p) shows a significant rise. 

2.4 Inclusive Charged Particle p t Distribution 
Inclusive charged particle distributions have been determined using a sample of 
tagged photoproduction events. To ensure a precise tracking and good geometrical 
acceptance, tracks were required to have transverse momenta p, > 300 GeV/c 
and pseudorapiditiest -1.2 < 77 < 1.4 (27.7° < 61™* < 146.5°). Preliminary 
results for the inclusive charge particle p< distributions have been obtained for 
nondifFractive events and two samples of diffractive events with average masses 
of the diffractive system of < M x > = 5 GeV and < M x > = 10 GeV.1 5 For these 
distributions, the average yp cms energy is < Wlp > = 180 GeV. The results 
are shown in Fig. 8. At low p,, the distributions show an e~bp' behavior with 
coefficients 6 = 4.87 ± 0.1 ± 0.08 for nondifFractive events,-6 = 5.19 ± 0.05 ± 0.23 
for < M x > = 10 GeV, and 6 = 5.61 ± 0.1 ± 0.14 for < Mx > = 5 GeV. In 
the nondifFractive event sample, the distribution shows a clear excess of events 
at higher transverse momenta. This indicates the presence of hard scattering 
processes in photoproduction. 

2.5 High p t Photoproduction 

Hard scattering processes with high transverse momenta in the final state manifest 
themselves by the appearance of jets. A search for jets was performed with the 
ZEUS detector.16 Jets were defined by a cone algorithm.17 The radius of the 
cone was chosen to be R = VArj" + A<j? = 1 where <j> is the azimuthal angle. 
Figure 9(a) shows the inclusive jet cross section for the kinematical regime Ef' > 
8 GeV, - 1 < rf" < 2, and 0.2 < y < 0.85. Figure 9(b) shows the corresponding 

•The pseudorapidity is defined as IJ = -Jn(tanf). Note that © = 0° is the proton direction. 
Positive r] values correspond to the forward direction. 

- 500 -

r ^ ' W l l H i ^ . ., 
o(yp)w 

: )Mfc%^ 1 t 

! ' ' % 

"(?p - » PP) 

_ . ) | l . O(TP - > up) 

! il'f" , « r . ' " * ' o(yp - » i»p) 

ZEUS PRELIMINARY 

! t ^ 
_ . >«0 o(yp - » 1W0, aiyp - > V P ) 

! . . . / . . , 1 

W (CoV) 

Fig. 7. Total photoproduction and vector meson production cross 
sections. 

? ! \ ZEUS yp <W>-180GoV 
f% 

• — 

* 1 0 ' i\ \ * — — dlff <Mx>=5CeV 

f t o 2 

» • — • —. dlff <Mx>-10GoV 

1 0 3 

- 4 
10 

l o 

1 % 
r V-
• V 
r \ 
: x 100 
r 

• \ % 

^ \ 
\ \ \ i n " 8 

• \ % 

^ \ 
\ \ \ 

' " -i n " 8 

• \ % 

^ \ 
\ \ \ \ \ \ 

, n 7 . . 1 . \ v \ 
0 1 2 3 5 6 7 

P t (GaV/e) 

Fig. 8. Inclusive charged particle transverse momentum spectra 
for photoproduction reactions. 



ZCUSl»3f>r«Mi«»r 
ZEUS IMS PnAmlnwy 

E f̂GeV) 

Ji c 20 

V 
> « "JL-j rjT-i--L..^B • 0 ^ 8 l / i * * 

0 
7 
6 T ' 
S ./T 
4 . r/ 2 ZEUS Data 

3 . . . WBO-/CW 
URSO-/UC1 

2 

1 

2 

Fig. 9(a). Distribution of transverse Fig. 9(b). Rapidity distribution of jets 
jet momenta in photoproduction in photoproduction events, 
events. 

photon remnant 

jet 

jet 

proton remnant 

rcr 
Fig. 10. A diagram for a resolved photon interaction. 

7j distribution of the found jets. The data are compared to Monte Carlo model 
calculations using the proton structure function parametrization MRSD1 8 and two 
different photon structure function parametrizations, GRV1 9 and LAC1. 2 0 

As outlined above, the photon interaction may be direct or resolved. Figure 10 
visualizes one possibility of a resolved photon interaction. If two jets are detected 
in such events, one can determine the fraction ar7 of the photon's momentum which 
took part in the hard scattering process: 

where E and pz are the energy and the longitudinal momentum measured in a 
single calorimeter cell. The longitudinal momentum pz is calculated from the cell 
energy and the polar angle of the center of the cell with respect to the interac
tion vertex. A sum runs over all cells associated with the jets or all cells in the 
calorimeter. The distribution of measured x 7 values21 is presented in Fig. 11. 
One recognizes a clear peak at high s 7 values coming from direct photon interac
tions and a rather flat distribution down to low i 7 values which originates from 
resolved photon processes. Also shown are Monte Carlo simulations of only di
rect interactions, only resolved processes, and the sum of the two contributions. 
These simulations describe fairly well the measured data and confirm the above 
interpretation of the x 7 distribution. Quantitatively, one finds for the kinematical 
region 0.2 < y < 0.7 , E$ l s > 5 GeV2, and rfct" < 1.6: 

aTe, = (21.1 ± 5.2 ± 5.7) rib and 

ffdl> = (9.4±2.7±2.7)n&. 

At photon-proton center-of-mass energies achievable at HERA, the resolved pho
ton interactions dominate in hard scattering processes. 

2.6 Study of the Photon Remnant 

The measured x 7 distribution proves the existence of both direct and resolved 
photon processes. Figure 12 demonstrates the presence of the resolved compo
nent in a different way for events in which jets have been detected. It shows a 
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scatter plot of the energy measured in the rear calorimeter (ERCAL) versus the 
pseudorapidity of the most backward-going jet (J7m;„). As long as rjm{„ is in the 
rear direction, i.e., rjmin is negative, a clear correlation with ERCAL is visible in the 
way that ERCAL decreases when r]mi„ increases. However, if 7jm,-n gets larger than 
zero, i.e., the most backward jet is going forward, many events remain with sizable 
energy deposits in the RCAL. These energy deposits are due to photon remnants. 
To further study the behavior of the photon remnant, events were selected with a 
total transverse energy of more than 12 GeV measured in the calorimeter outside 
a cone of 10° in the forward direction. A cluster algorithm was applied to all 
events and was forced to find three separate energy clusters in addition to the 
proton remnant (3 + 1 cluster events).22 The clusters were ordered according to 
their measured tranverse energies in the calorimeter. For each cluster, an axis 
was determined as the direction of the vector sum of the momenta measured in 
the associated calorimeter cells. The pseudorapidities of the cluster axes were 
required to be r;(3) < —1 for cluster 3 and TJ(1,2) < 1.6 for clusters 1 and 2. In 
order to guarantee that the event was generated by a hard scattering process, the 
transverse momenta of clusters 1 and 2 were requested to be pt(l,2) > 5 GeV. 
These cuts select events in which cluster 3 is predominantly the photon remnant. 
For each cluster, longitudinal and transverse energies with respect to the cluster 
axes were calculated as EL.T = Ei E L ) T where the sum runs over the associated 
calorimeter cells. In Fig. 13, the average longitudinal and transverse energies 
< EL > and < Ep > are plotted versus the cluster energies. Here, < EL > as well 
as < ET > rise linearly with the cluster energy for all three clusters in the same 
way. The rise of < ET > with the cluster energy is a typical feature of a QCD 
jet. Therefore, one concludes that the photon remnant behaves like a normal jet 
produced by colored constituents. 

3 Deep Inelastic Scattering 
Deep inelastic scattering (DIS) for neutral current events is described in lowest 
order, which is the naive quark parton model, by the diagram in Fig. 14. The 
incoming electron is scattered by exchanging either a photon or a Z-boson with 
one of the quarks inside the proton. The incoming quark, carrying the fraction x 
of the proton's four momentum p, is scattered out of the proton and gives rise 



to the observable current jet. The remnants of the proton form a jet which goes 
mainly into the forward direction. 

The kinematics of the reaction is determined by two variables. Commonly 
used are the negative square of the four momentum transfer Q2, which is nonzero 
for DIS events, and the struck quark's momentum fraction x which is given by 

Zq-p 
The normalized energy transfer variable y can be expressed in a Lorentz-invariant 
way 

q.p 
k-p 

These three variables are not independent. They are connected with the center-
of-mass energy squared of the ep system s = (k + p)2: 

xys = Q2. 

At HERA, the ep center-of-mass energy is i/s = 296 GeV. The virtual photon-
proton center-of-mass energy is W = yj(q + p) 2 . Figure 15 shows the kinematical 
regime in the Q2 vs. x plane covered by the ZEUS measurements. The line y = 1 
is the kinematical limit. The shape of the scatter plot at low x and low Q2 is 
determined by the calorimeter acceptance; the scattered electron starts to escape 
detection in the calorimeter through the rear beampipe hole. Also shown are the 
kinematical regimes covered by previous fixed target experiments. 

The double differential cross section for the production of DIS neutral current 
events is given in terms of three structure functions F^, Fi, and xFa: 

The structure function xFa originates from the Z-boson exchange, the parity vio
lating weak neutral current contribution. At Q2 values presently accessible with 
sufficient statistics, given the collected luminosity at HERA, this contribution is 
small and generally neglected. In certain kinematical regions, where it cannot 
be neglected, the data are corrected such that F2 gives the cross section for the 
photon exchange only. The total virtual photon-proton cross section can then be 
written as: 

**(7"P) = «*(*. Q2) + cL{x, Q2) = * f a • F 2(x, Q2). 
v U - x) 
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3.1 Measurement of F% 
DIS events are identified by the detection of the scattered electron. ZEUS is a 
hermetic detector, i.e., particles are detected in the full solid angle 4;r, except in 
the beampipe region. Therefore, the kineraatical variables can be calculated from 
either the scattered electron, the measured hadronic system, or any combination 
of them. In the ZEUS analysis, two different methods were used: 

• Electron method: 
The measured energy E'c and angle 8,. of the scattered electron are used (see 
Fig. 14). This method gives a good resolution for Q2 and for x in the region 
of high y. 

• Double angle (DA) method:23 

Qt and fh are used. The hadronic angle 7A is given by : 

cosy. = (SPX) 2 + ( S P „ ) 2 - ( S ( S - P , ) ) 2 

7 A ( E P i P + (Epv)2 + (S(£-p , ) )*-

In the naive quark parton model, 7;, is the angle under which the struck quark 
emerges. The DA method has the advantage of being rather insensitive to the 
energy scale of the calorimeter measurement. Variables determined in this way 
are denoted by the subscript DA. 

Figures 16(a) and 16(b) show the measured F 2 values as functions of a: for 
different Q2 values.24 The background from photoproduction events in which 
electrons or other particles are misidentified as the scattered electrons is of the 
order of a few percent. In the worst bin, it is 12%. Data were corrected for this 
background bin-by-bin on a statistical basis. 

The prominent feature of the data is the strong rise of F 2 with decreasing x at 
all measured Q2 values. This means that the parton density increases at small x. 

Perturbative QCD predicts for fixed x the dependence of F 2 on Q2. The 
Q2 dependence of the structure function F 2 is described by the GLAP evolution 
equation:25 

^=E^i'?[n,g)«(,«+n.©S(,«]. 
The quark and gluon distribution functions q(y, Q2) and g(y, Q2) describe the 

probability to find a quark or gluon with momentum fraction y inside the proton 

ZEUS 1993 F , 

Fig. 16(a). Fj data from ZEUS as functions of x for different Q2 values 
compared to several parametrizations, see text. 
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in a reaction at Q2. P „ and P M are the splitting functions. P T C ( | ) gives the 
probability to find a quark with momentum fraction x of the proton coming from 
the splitting (gluon radiation) of a quark with momentum fraction y. P w gives 
the probability to find a quark with momentum fraction x from the splitting of a 
gluon (quark pair production) with momentum fraction y. The splitting functions 
are calculable in perturbative QCD. 

Various authors have parametrized the structure function Fi(x) at some Q2 = Q2 

and used the GLAP equation to predict the QCD evolution. The parameters of 
Fi[x) are then fitted to data used as experimental input at all x and Q2 values. 
Several such parametrizations are compared to the ZEUS data in Figs. 16(a) 
and 16(b). They differ in the assumptions about the a; dependence, in particular 
about the gluon momentum distribution function xg(x) in the proton at Q2. The 
following parametrizations are plotted: 

• MRSDJ, : 2 6 Input data from fixed target experiments Eire used. The gluon 
distribution at small x is assumed to behave like xg{x) -> const. 

• MRSD'. : 1 8 The same input is used as for MRSDJ, but xg{x) -> x - 0 - 5 for 
small x. 

• CTEQ2D:2 7 Fixed target data plus the HERA 1992 data have been used as 
input and a gluon distribution xg{x) -> x~n (n w 0.3) for small x is assumed. 

• GRV-HO:28 These authors start the Revolution already from Q% = 0.3 GeV2 

and use valence-type distributions for the quarks, the sea, and the gluons. 

• GRV-MCH:29 This is the same as GRV-HO but the charm quark mass is 
properly taken into account. 

The data are best described by parametrizations with singular gluon distribu
tions at small x, either parametrized or generated dynamically (GRV). 

Figure 17 shows the F2 measurements from ZEUS as functions of Q2 at different 
x values. Also shown are data from HI, 3 0 NMC,3 1 and E665.3 2 The data are 
consistent with each other and are well in agreement with the predicted scaling 
violations, i.e., the variation of F2 with InQ2 at a fixed x. Also plotted are 
predictions from the MRSDJ, and MRSD'. parametrizations. 

Scaling violations'occur through gluon radiation from quarks and quark pair 
production from gluons. At x < 10~2, the latter process dominates the scaling 
violations. This property can be used to extract the gluon density from the slope 



i i i i in i | i i i i nm i i 11 n i i j — i i i i HIM 1—i i i mi 
b 2 

j l a O S O 0 

o o o >> o a 

j l o O O O O O O O ' 

.-> 0 0 * C»0 O O •> 

• ZEUS 

• H1 
0 E66S 

• NMC 
MRSD.' 
NMC 
MRSD.' 
MRSD/ 

> » 0*8*S 0 0 » * - S ~ 

.n ing • n ° n f 0 * " 

looci e » i u * " • q * -

a n n " i i n a—&»—o» " • -

XS4.2-10" 4 

x = 8.5-10'' 

x=1.6 '10- 5 

x = 2.7-10-' 

x = 4.7-10° 

x = 7.7-10_ : 

x=1 .4 -10 _ l 

x = 2.8-10-' 

ti»o*> «.-,«> < r * * * s — a a O D O m am n B 0 . J-

x = 5.7-10" 
« a «.»o« * ooo u • • ° » n , P , 

x = 1.1 • 10 _ 1 

—s * -j 0 0 0 0O'fl"y;CgS^gTC-*' .--.—••••• pg-ga 

i i i mill i i i mill ' ' I ' i i nnil i i i m i 

10 10 10 10 
Q 2 (GeV2) 
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dF2/dlnQ2 of the proton structure function. Two methods have been developed 
so far: 

• The Prytz method:33 The quark contribution is neglected at small x. In this 
approximation, the gluon momentum distribution xg(x) is directly related 
to the scaling violations. The result for the gluon distribution has been 
calculated in leading order (LO) QCD and next-to-leading order (NLO). 
The corresponding results are respectively: 

, . = dF2(x/2,Q2)/dlnQ* 
^ ; (40/27K/4* 

xg(x) = dF*W2> Q^WnQ2 (20/9)(a./4n)N(x/2, Q2) 
yK ' (40/27+ 7.96a,/47r) 40/27 + 7.96a„/4jr ' 

• The BKL method:34 These authors solve the full GLAP equation in moment 
space in NLO and NNLO for the gluon contribution. They make the as
sumption that the gluon distribution at small x is of the functional form 
xg{x) ~ x~u'. The x dependence of the singlet part of F2 is assumed to be 
the same. The value of u>„ is an input parameter and has to be determined 
from the data. 

ZEUS used both methods to extract the gluon distribution from their measured 
F2 data. 3 5 The results are shown in Fig. 18. 

ZEUS also performed a complete fit of the GLAP equation to the data. The 
resulting gluon distribution is shown in Fig. 18. The data are compared to ex
trapolations from the MRSDJ, and MRSD'. parametrizations. The data suggest a 
strong rise of xg{x) towards low x. Parametrizations with a flat gluon distribution 
at small x, like MRSD!,, are disfavored. 

The x dependence of F2 is not directly predicted by the GLAP equation. For 
the gluon distribution, an x dependence can be derived which is however a func
tion of Q2: 

xg(.x)~exp[2Z(Ql,Q*)ln(l/x)]i. 

The function $(Q?, Q2) is calculable in perturbative QCD. A different perturbative 
approach for the QCD evolution of structure functions is the BFKL equation.36 
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Fig. 18. The gluon momentum distribution as determined from 
the ZEUS data. 
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This results in: 
xg{x) ~ x~x ; A = (3a#/7r)4/n2 « 0.5. 

From a comparison of the ZEUS data with the structure function parametrizations 
(e.g., MRSD'_), one sees that the data at low a; and Q2 > 35 GeV2 are compatible 
with 

</x 
Using the relation W2 « Q2/x, one can write 

W F 2 « a + 6 - . 

Since er(ol(7"p) = (4na/Q2)F2, this means that the total cross section at a 
fixed Q2 is proportional to W. Figure 19 shows the measured total cross sections 
multiplied by Q2 as a function of W. The rise of the total cross section with W is 
in contrast to that of the total cross section for real photoproduction reactions at 
Q2 = 0. It is also unlike the total pp cross section which is described by a term 
proportional to W 0- 1 6 (Ref. 10). 

3.2 Charged Current Events 
The diagram for charged current interactions of lowest order in deep inelastic 
electron-proton scattering is shown in Fig. 20: 

e~+p-> u + X. 

The exchanged current is the charged vector boson W. The scattered lepton in the 
final state is a neutrino which leaves the detector unobserved. Therefore, the total 
transverse momentum pt of the visible particles in the detector is not balanced, 
i.e., there is a missing p™'". For these events, x and Q2 must be calculated from 
the measured hadronic final states. 

ZEUS looked for charged current events in a data sample corresponding to 
an integrated luminosity of 550 n& - 1 requiring Q2 > 400 GeV2 and a missing 
transverse momentum pf'" > 12 GeV/c. In the data sample, 22 charged current 
events were found.37 This results in a cross section which is shown in Fig. 21 
as a function of Q2. It is compared to the neutral current cross section and to 
the prediction of the Standard Model. The dotted curve shows the prediction for 
Mw -> oo. 
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Fig. 20. Diagram for charged current deep inelastic scattering in 
lowest order. 
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Fig. 21. Charged current and neutral current cross sections at 
high Q2 together with Standard Model predictions. The dotted 
line is the prediction for Mw —» oo. 
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Because of the high mass of the W boson, the cross section for this process 
at low Q2 is much smaller than that for neutral current reactions. It becomes 
comparable only at Q2 « M 2

W - At HERA, it has been observed for the first 
time that at Q2 of about 104 GeV2, the charged current cross section is of the 
same magnitude as the neutral current one. The agreement of the data with the 
Standard Model implies the presence of the weak propagator with a finite W mass. 

4 Large Rapidity Gap Events 
Figure 22(a) shows a standard neutral current DIS event in the ZEUS detector. 
The scattered electron is detected in the high resolution calorimeter. There is 
hadronic activity in the central region of the calorimeter as well as close to the 
proton direction. The underlying process is sketched in Fig. 22(b). The hadronic 
final state originates from fragmentation of the struck quark, of the proton rem
nant, and from initial and final state QCD radiation. ZEUS observed a new class 
of events in deep inelastic scattering,38 an example of which is shown in Fig. 23(a). 
The underlying process is sketched in Fig. 23(b). No hadronic activity close to the 
proton direction is detected. The first particle or energy deposit in the calorime
ter is seen under a larger angle, i.e., at small pseudorapidity. Such events show a 
rapidity gap between the edge of the calorimeter in the forward direction and the 
closest hadronic activity at rj = T]max, where rjmax is the largest pseudorapidity of 
any cluster with at least 400 MeV energy. 

The distribution of rjmax for all DIS events is presented in Fig. 24. The obvi
ous feature of the data is an excess of events at low rjmax values that cannot be 
described by a model which contains only the standard DIS processes. A scatter 
plot of W vs. rjmax for all events, as given in Fig. 25(a), demonstrates that there 
is a distinct class of events with ?7m o r < 1.5. This is confirmed by a scatter plot of 
the measured hadronic mass M x vs. W in Fig. 25(b). Events with rjm<lx < 1.5 are 
clearly distinct from those with rjmax > 1.5. Their hadronic mass distribution is 
shown in Fig. 26. The invariant masses of the detected final states of large rapidity 
gap (LRG) events defined by r)max < 1.5, are considerably smaller than those for 
standard DIS events. In Fig. 27, the ratio of the number of detected LRG events 
to all DIS events is plotted as a function of W. Also shown is the acceptance 
of the detector for DIS events. Above W = 140 GeV, where the acceptance is 
almost independent of W, the ratio is about constant. This means that the W 
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Fig. 22(a). Event picture of a normal DIS event. 
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Fig. 22(b). Diagram for standard deep inelastic scattering. 
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Fig. 23(b). Diagram of a process leading to large rapidity gap 
events. N denotes either a proton or a difFractively excited state 
of the proton. 
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dependence of LRG events is similar to that of standard DIS events, at least at 
higher IV values. Figure 28 show the Q2 dependence of the ratio of LRG events 
to all events for three different x intervals. This ratio is essentially flat, meaning 
that the Q2 dependence of LRG events is the same as that of standard DIS events. 
Since deep inelastic scattering is a leading-twist process, one consequently has to 
conclude that the underlying mechanism which produces LRG events is also a 
leading-twist process. 

In LRG events, the proton did not fragment into a jet of hadrons. It could 
have dissociated only into a system which is closely confined to the proton di
rection in order not to be detected. Also, no appreciable amount of initial state 
QCD radiation could have taken place since it would have resulted in hadrons de
tectable in the forward calorimeter. The most natural explanation for such events 
is the emittance of a color-neutral particle from the proton with little transverse 
momentum which interacts with the exchanged virtual photon to form a hadronic 
system of mass M x. 

4.1 What Is the Mechanism for the Production of LRG 
Events? 

Large rapidity gaps in events are known to occur in peripheral processes if the 
center-of-mass energy of the reaction is much larger than the masses of involved 
particles (systems). 

Peripheral processes are described by the Reggeon exchange which gives rise 
to the following dependence on the center-of-mass energy squared, s, of the cross 
section: 

s \ 2CR(0)-2 

Mfj 
Here, M 0 is some reference mass and CCR(0) is the intercept of the trajectory of 
Reggeon R at t = 0, where t is the four-momentum transfer squared to the proton 
or target particle. Note that in the case of DIS LRG events, s = W2.p. Table 1 
gives the intercepts and the resulting s dependences of cross sections for Regge 
trajectories. 

OR' 



Table 1 

R aji(O) OR 

7T 0 ~ s - 2 

P 1 
5 <%* 5 ~ * 

w « 1 w constant 

Here, IP is the Pomeron trajectory. The Pomeron was invented as a hypothetical 
particle to describe diffractive processes. At higher W 7 . p values, the contributions 
from the n and p trajectories will have vanished because of their steeply falling 
contribution to the cross section. Experimentally, one finds that the fraction of 
LRG events stays approximately constant at high W, as seen in Fig. 27. This 
suggests that LRG events are produced by diffractive-like processes. 

ZEUS has compared the data with two Monte Carlo programs which are avail
able to simulate the production of LRG events. One is the Nikolaev-Zakharov 
(NZ) model3 9 and the other one the POMPYT model.40 The NZ model describes 
the Pomeron exchange essentially by the splitting of the virtual photon into a 
quark-antiquark pair which interacts with a colorless system of two gluons emit
ted from the proton, as shown in Fig. 29. 

The POMPYT program is based on the Ingelmann-Schlein model4 1 which 
was developed to describe diffractive processes in pp scattering observed by UA8 
(Ref. 42). It assumes a partonic structure of the Pomeron. The virtual photon 
couples to one of the quarks (antiquarks) inside the Pomeron, as shown in Fig. 30. 
The histograms in Fig. 25 and Fig. 27 refer to these NZ and POMPYT Monte 
Carlo simulations. Both models give a reasonable description of the main features 
of the data. 

4.2 Hard Scattering and Jets in LRG Events 

If LRG events are due to Pomeron exchange processes and the Pomeron has 
a partonic structure, then jet production should show up in a certain fraction 
of these events. In Fig. 31, one possibility for two-jet production by Pomeron 
exchange is sketched. A parton in the Pomeron undergoes a hard interaction with 
the virtual photon and produces two jets. ZEUS has looked for the production of 
jets in LRG events.43 Figure 32 shows the pattern of energy deposits in the rj — 4> 
plane of such an event. The scattered electron and two jets are clearly visible. An 
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Fig. 27. Ratio r of events with tjmax < 1.5 to all DIS events. The 
solid line indicates the detector acceptance. 
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Q U G e V 2 ) 
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Qg*(GeV 2) 
Fig. 28. Ratio r of events with 7/ m a l < 1.5 to all DIS events 
as a function of Q2 for 0.0003 < x < 0.0006, 0.0006 < x < 
0.0012, and 0.0012 < x < 0.0024 . 
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Fig. 29. Pomeron exchange in the Nikolaev-Zakharov model. N 
denotes either a proton or a diffractively excited state of the 
proton. 

Fig. 30. Pomeron exchange in the POMPYT model. N denotes 
either a proton or a diffractively excited state of the proton. 

- 512 

Fig. 31. Two-jet production by pomeron exchange. N denotes 
either a proton or a diffractively excited state of the proton. 

electron 

Fig. 32. A large rapidity gap two-jet event. 
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Fig. 33(a). The jet transverse energy distribution in the laboratory 
system for large rapidity gap events. 
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Fig. 33(b). The total hadronic energy transverse to the virtual 
photon direction for large rapidity gap events (hashed: one-jet 
events; cross hashed: two-jet events; solid: three-jet events). 
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analysis of jets in LRG events has been performed in the ep laboratory system and 
in the y'p cms system. A jet was accepted if its transverse energy was Er > 4 GeV 
in the ep-system and ET > 2 GeV in the 7*p-system. In Fig. 33(a), the measured 
transverse energy distribution of jets in the ep-system is presented. The transverse 
energy distribution of all LRG events in the 7"p-system is given in Fig. 33(b). The 
fractions of events with identified one, two, or three jets are indicated also. In the 
7*p-system, the production of LRG events with transverse energies above 5 GeV 
is saturated.by hard processes leading to jet production. The presence of hard 
scattering processes support the idea of a partonic structure of the Pomeron as 
seen in deep inelastic scattering. 

4.3 Outlook on Diffractive Scattering at ZEUS 

LRG events are defined by the absence of particle production in the very forward 
direction. They are interpreted as diffractive processes originating from Pomeron 
exchange. However, the detailed nature of LRG events has not yet been studied; 
for instance, the scattered proton has not been detected. In 1993, ZEUS has 
commissioned the leading proton spectrometer (LPS), which is a system of six 
stations of silicon strip detectors located in the HERA tunnel between 26 m and 
96 m behind the interaction point in the proton direction. The stations can 
detect protons scattered under very small angles and provide a precise momentum 
measurement, Ap/p < 1%. In 1994, the first data have been collected with the 
LPS in operation. With LPS tagged events, it will be possible to identify reactions 
of the type ep -4 ep X where X results from diffractive dissociation of the virtual 
photon. This will lead to a better understanding of the production mechanism for 
LRG events. 

5 Summary 

In this talk, results from the ZEUS experiment were presented on photoproduc-
tion, deep inelastic scattering, and large rapidity gap events in deep inelastic 
scattering. 



In photoproduction, the following data were presented and conclusions were drawn: 

• The total photoproduction cross section shows a slow rise from W — 20 GeV 
to HERA energies. The energy dependence can be described by models based 
on Regge theory as well a QCD-inspired models. 

• Data were presented for elastic vector meson production. Cross sections were 
given for p" and J/'i production. 

• Inclusive charged particle transverse momentum distributions show that there 
is a hard component in 77? scattering. 

• The existence of direct and resolved photon processes has been demonstrated. 
Resolved processes dominate photoproduction at HERA. 

• In resolved photon processes, the photon remnant has been identified. The 
photon remnant behaves like quarks or gluons. 

For deep inelastic scattering, the following results were found: 

• The structure function i*2 has been measured down to x values of 4 • 10~4 

at Q 2 > 8.5 GeV2. It shows a strong rise with decreasing x at all values of 
Q2 < 500 GeV2. The rise demonstrates an increase of the parton density in 
the proton as x -> 0. It can be described by parametrizations which include 
a rising gluon distribution with decreasing x. 

• The measured Fi values show the predicted logarithmic scaling violations. 

• The gluon momentum distribution of the proton was extracted from the 
scaling violations of F2 at Q2 = 20 GeV2 for a; values between 4 • 10~4 and 
10~2. A substantial increase of the gluon momentum distribution is found 
at small x. 

• A measurement of the charged current cross section up to Q2 above 104 GeV2 

was presented. It agrees with the Standard Model predictions. At HERA, for 
the first time, the weak interaction in deep inelastic scattering at Q2 w Mfo 
has been observed to have a strength comparable to that of the electromag
netic interaction. 

A special class of events with a large rapidity gap has been detected. The presented 
results indicate that: 

• Large rapidity gap events are a class of events separate from standard DIS 
events. Their invariant event masses of the detected final states are small 
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compared to standard DIS events. Their W and Q2 dependences are the 
same as for standard DIS events. This leads to the conclusion that their 
production mechanism is diffractive-like and a leading-twist process. 

• Hard scattering processes with jet production occur in LRG events. This 
supports the hypothesis of a partonic structure of the Pomeron as seen in 
LRG events. 

• The Leading Proton Spectrometer at ZEUS will enable a unique identification 
of diffractive processes. 
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ABSTRACT 

Some recent results from the HI experiment at the HERA ep collider 
are presented, based on data taken in 1993 with an integrated luminos
ity of ~ 0.5 p6 - 1 . The topics include deep inelastic scattering (DIS) of 
neutral and charged currents, photoproduction, and searches for new 
particles beyond the Standard Model. 

The analysis of the proton structure function Ti[x, Q2) fron> neu
tral current DIS in the novel kinematic region of 3.5 <i Q2 <, 3000 GeV2 

and 10~4 ^ x % 10 - 1 confirms the previously observed steep rise to
wards low x values. Several inclusive and topological measurements of 
the hadronic final state are presented to extract the gluon density in 
the proton and to get information on the onset of the BFKL evolution. 

A sizeable fraction of DIS events are diffractive with a large rapi
dity gap between the current and proton remnant. Their properties, 
contribution to the proton structure function, and interpretation in 
terms of a Pomeron exchange will be discussed. 

Multijet rates in DIS events are investigated and used to demon
strate the running of the strong coupling constant a,(Q2) and to de
termine its value at the Z pole. 

The charged current reaction e~p -> vt X has been measured and 
exhibits for the first time the effect of the W propagator. 

The scattering of almost-real photons on protons reveals the struc
ture of the photon. Results on direct and resolved 7p processes, hard 
diffractive jp scattering, and charm production will be discussed. 

Finally, new limits on phenomena beyond the Standard Model will 
be given. They include direct searches for heavy leptons, leptoquarks, 
leptogluons, .Rp-violatinq squarks, and indirect searches via contact 
interactions. 

'Mailing address: DESY, Notkestr. 85, O-22603 Hamburg, Germany; 
e-mail: f34mai<3dsyibm.desy.de. 
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1 Introduction 
The e p collider HERA at DES Y, in which 27.5 GeV electrons collide with 820 GeV 
protons, gives access to a so-far-unexplored new kinematic region of lepton nucleon 
scattering with a rich physics potential. Due to the large center-of-mass energy of 
y/s a 300 GeV, the kinematic phase space rises the observable momentum trans
fers Q2 up to Q'inax — fe w ! ° 4 GeV2 by about two orders of magnitude and lowers 
the detectable Bjorken x values to arml-n %. 10"4 at small Q2 by about one order of 
magnitude with respect to fixed target experiments. Furthermore, yp interactions 
can be studied over a wide center-of-mass energy range of W7P ~ 60 -5- 270 GeV. 

HERA was commissioned in 1992 with an initial electron energy of 26.7 GeV. 
The two experiments HI and ZEUS published the first interesting physics results 
based on an integrated luminosity of C = 0.025 pb-1. In 1993, an improved HERA 
performance with more colliding bunches allowed us to collect about C = 0.5 p 6 - 1 

per experiment for useful physics analysis. This year, the lepton energy was 
raised to 27.5 GeV. Since the lifetime of the electron beam turned out to be a 
severe limitation, HERA has operated with positrons since July 18,1994. A peak 
luminosity of £,«<,* = 4.3 • 10 3 0 cm^s'1 is now achieved, about 30% of its design 
value. With the increased e + lifetime (factor of ~ 2.5) and a better understanding 
of the machine as well as the HI detector, an integrated luminosity of C a 4 pb~l 

for physics analysis can be expected for the current data-taking period. 
The topics to be discussed in this talk are a personal selection of the many HI 

results from the data-taking period of 1993 presented elsewhere* this summer. 

2 The HI Detector 
The HI detector is a large, multipurpose facility, designed to provide an almost-
hermetic coverage to detect the final states of ep scattering: the hadronic energy 
flow, charged particles and precise lepton (electron and muon) identification, and 
measurement. While the detector is isotropic in azimuth, it extends more towards 
the forward region (proton and +z direction) in order to accommodate the moving 
center-of-mass system due to the highly asymmetric proton and electron beam 

'Contributions to the International Conference on High Energy Phyiia, Glasgow, July 20 - 27, 
1994. 
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energies (see Fig. 1). Details of the HI detector can be found elsewhere.1 Some 
parameters and actual performance figures are given in Table 1. 

Figure 1: Schematic side view of the HI detector. The luminosity detector, down
stream from the electron beam, is not to scale. Protons move to the left (+z di
rection). 

Major emphasis has been given to the calorimetry. The backbone of the 
detector is a highly transversal and longitudinal segmented liquid argon (LAr) 
calorimeter. It consists of an electromagnetic and a hadronic section with lead 
and steel absorbers, respectively. The good hadron energy resolution is achieved 
by energy weighting techniques during software analysis. The LAr calorimeter 
provides a very stable response. The absolute energy scales, as determined from 
test measurements and DIS events, are presently known to 3% (electromagnetic) 
and 6% (hadronic). A lead-scintillator sandwich calorimeter in the backward re
gion (BEMC) serves mainly to identify and measure the scattered electron in low 
Q 2 deep inelastic scattering events. A copper-silicon calorimeter (PLUG) covers 



Calorimetry 

Liquid Argon Calorimeter 4° < 0 < 153° 
granularity (em/hadron) 10 -r 100 cm2 50 - 2000 cm2 

depth (em/hadron) 20 -f- 30 Jf0 4.7 4- 7 A a t j 

resolution <x(E)/E (em/hadron) 0.12/y/Wt ® 0.01 ~ 0.50/y/Ejj ® 0.02 
BEMC: Pb-scintillator 
depth - resolution o(Ec)/Ec 

151° < 6 < 177° 
22.5 X0 (1 kais) O.lO/v^eO.02 

Tail Catcher: streamer tubes 
depth - resolution a(Eh)/Eh 4.5 Anj, 

4° < 5 < 177° 
1.0/N/EA 

Plug Calorimeter: Cu-Si 
depth - resolution <j(Eh)/Eh 

0.7° < 0 < 3.3° 
4.25 A„t, (45 X0) ~ 1 . 5 / ^ 

e.-y Tagger: Tl (CI/Br) 
depth - resolution a{Ec)/Ec 21 X 0 

0 > 179.7° 
~ 0 . 1 0 / v ^ © 0 . 0 1 

Tracking 

Central Tracking 
spatial resolution 
momentum - dE/dx resolution 

25° < 6 < 155° 
oT$ = 170 fim at = 2 mm 
o-i/p < 0.01 GeV"' gdE/rfx = 10% 

Forward/Backward Tracking 7° < 6 < 25° 
spatial resolutions aTi = 170 f*m 

0V,y = 210 fim 

155° < 6 < 175° 
cr« < 5 mr 
ffx.y = 1 Ttlttl 

Muon Detection 

Instrumented Iron 
resolutions (barrel) 

4° < 6 < 171° 
oy^ = 3.5 mm as = 12.5 mm 
ap/p « 0.35 ffg fa) = 15 (10) mr 

Forward Muon Toroid 
momentum resolution - range (Tp/p ~ 0.25 

3° < 6 < 17° 
5 -r 200 GeV 

Table 1: Parameters and performance of the HI detector. 

the very forward regions. All calorimeters are placed inside a superconducting coil 
in order to minimize the inactive material in front of them. The flux return yoke 
is instrumented with streamer tubes (analogue readout) to measure the leakage 
of hadronic showers (Tail Catcher). 

Charged particle tracks are measured in the central and forward tracking sys
tems placed inside a uniform axial magnetic field of 1.15 T. Each consists of a 
hybrid of drift and proportional chambers, providing good space information in 
orthogonal directions as well as some particle identification {dE/dx and transition 
radiation). 

Muon detection and measurement is performed with streamer tubes in the 
instrumented iron and a dedicated toroidal spectrometer in the forward direction. 

A scintillator hodoscope behind the BEMC is used to veto proton-induced 
background based on its early arrival compared to genuine ep interactions. 

The luminosity is determined from the Compton process ep -> epy at very 
small scattering angles. The electron tagger (ET) and photon detector (PD) are 
situated far downstream the electron direction (at —33 m and —103 m) and serve 
as well to detect photoproduction events. At present, the systematic uncertainty 
of the luminosity measurement amounts to 5%. 

3 Kinemat i c s 

The lowest order diagram in the quark-parton model (QPM) of the neutral current 
(NC) or charged current (CC) process ep -i e' (u) X is sketched in Fig. 3, where 
the four vectors involved in the kinematics are also defined. 

At HERA, electrons of 26.7 GeV collide against protons of 820 GeV, giving a 
total center-of-mass (cms) energy of y/s = 296 GeV. The kinematics are deter
mined by two independent variables, conventionally chosen from Q2, the squared 
momentum transfer of the exchanged boson, Bjorken x, the momentum fraction 
of the proton carried by the struck parton, and y, the energy fraction transferred 
from the incoming lepton to the hadronic system in the proton rest frame. These 
quantities are related via Q2 = xys. The Lorentz invariant kinematic variables 
are defined as follows: 

s = 4ECEP (1) 

Q2 = -(P<-P'c)2 = - ? 2 (2) 



p remnant 

Figure 2: Lowest order diagram (QPM) for ep -4 e1 («/) X and definition of four 
vectors. 
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Since the HI detector has an almost hermetic 4 n coverage, the kinematics can 
be determined using information from either the scattered lepton or the hadronic 
final state, or a mixture of both (see, e.g., Ref. 2). This redundancy allows us 
to make experimental cross-checks and to choose the optimum resolution. The-
following kinematic reconstruction methods are used in DIS NC analyses. 

1. The electron method: 

y. = 1 - | s i n 2 ! ( 5 ) 

Ql = 4 £ e £ V C o s 2 | . (6) 

Q2 is always well-measured. This method provides good resolutions in a large 
kinematic region except at low y (high x). The electron method is preferred 
at high y > 0.15. 

2. The S method: 

y s ~ E j ^ - f t ) ( ? ) 

Ql = r%- • (8) 
1 _ ys 

The use of the quantity J2c,h(E ~ P') - 2Ee (h = hadrons) for DIS NC 
partially removes the large initial state radiative corrections present in the 
electron method. The resolutions are good at low y (high x) and still rea
sonable at low x. The S method is preferred at low y < 0.15. 

3. The double-angle method: 

2 _ 4 E2 s in7(l + cosge) ( g ) 
V d a sin7 + s in0 e -s in(7 + 0e) v ' 

_ Ec_ _ sin7 + sing, + sin(7 + 0e) . . 
X j a ~ £ ^ ' 5 ^ 7 + 8 ^ ^ - 5 ^ ( 7 + ^ ) ' l ; 

This method is independent of the absolute energy scales, since only the 
directions of the electron, 0C, and the "struck quark" in the QPM, 7, are 
used, where 

,„.,«v - &HP*H)2 + (ZhP»h)2 - (Zh(Eh -Pzh)f . . 
7 ~ (E/.Pxi.)2 + (E (,P,/.) 2 + (E/.(£ ;/.-P,/,)) 2 • ( > 

The resolutions are comparable to the S method. The double-angle method 
primarily serves as a cross-check. 

Experimentally, DIS NC events are rather arbitrarily defined as having a scat
tered electron detected in the central calorimeters, i.e., 6e < 175° or Q 2 > 5 GeV2. 
The bulk of the data,however, are photoproduction events with a huge cross sec
tion, where the electron is scattered under large angles into the backward direction. 
For tagged electrons, 6e > 179.7° and Q2 a 3 • 1 0 - 8 + 1 0 - 2 GeV2. The relevant 
kinematic variables are measured from 

• - S - 1 - ! ' (12) 

Wlp = y/V8. (13) 

Besides the interest in the rather inclusive quantities Q2, x, and y, many ana
lyses are concerned with topological event properties, such as jet rates and jet 
properties. Applying any jet algorithm, events are conveniently classified as N+l 
jet events. The +1 jet accounts for the proton remnant fragments, of which only 
a small part is detectable in the calorimeters around the beam pipe. Topologies 
with 1+1 jets arise from the QPM diagram of Fig. 3, while 2+1 jet configurations 
may originate from the C?(o,) processes of boson gluon fusion [BGF, Fig. 3(a)] and 
QCD Compton scattering [(Fig. 3(b)]. The number of observed N jets depends 
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Figure 3: DIS NC processes of 0(as) leading to 2 + 1 jet configurations for 
(a) boson gluon fusion (BGF), and (b) QCD Compton. 

strongly on the jet definition, and respectively, the jet algorithm and resolution 
parameters used. In 2 + 1 jet events, the momentum fraction Xparim of the struck 
parton in the proton can be reconstructed from the invariant mass trijj of the two 
observed jets 

X^cn = 'x(l + ^ j . (14) 

4 The Structure of the Proton 

4.1 The Proton Structure Function ?i (a;, Q2) 
Neglecting the Z boson exchange, which does not contribute significantly at the 
present integrated luminosity, the differential cross section for the DIS NC process 
ep -> d X can be expressed in terms of the proton structure function J^ ( i , Q2) 

dxdQ2 -^{^-•Hlftl}***)- (15) 

The ratio R = aL/aT is not yet measured at HERA, and therefore is taken from 
the QCD prescription. 

The event selection is based on an integrated luminosity of £ = 271 n& - 1 and 
covers the kinematic region 3.5 GeV2 £ Q2 < 3000 GeV2 and 10" 4 •& x £ 0.2. 
Several independent analyses have been performed using the electron method, 
the E method, and the double-angle method to reconstruct the kinematics. All 
analyses agree with each other. The final results are obtained from a combina
tion of the electron and E methods, optimizing the kinematic resolutions, and 
minimizing the bin-to-bin migrations. The data are corrected for detector and 
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radiative effects using a Monte Carlo3 (LBPTO matrix elements + parton show
ers + QED radiation) with the MRS H 4 input structure function. The overall 
systematic uncertainty on the extracted structure function amounts to ~ 10% 
from the uncertainty in the calorimeter energy scales and 5% from the luminosity 
measurement (not included in the figures). 
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Figure 4: The proton structure function Ti (x, Q2) as a function of a; for several 
Q2 intervals. The HI data (•) are compared with NMC (o) and BCDMS (A) 
measurements. The curves are results of a QCD fit. 

The final results on Tz (x, Q2) are presented in Fig. 4 as a function of x for 
various Q2 bins. The Q2 dependence of the proton-structure function at fixed 
x intervals is shown in the traditional plot of Fig. 5. The HI data are in good 
agreement with the ZEUS results.5 They are also in agreement with the low energy 
experiments NMC6 and BCDMS7 in the region of overlap. Note the enormous 
extension of the kinematic phase space with respect to fixed target experiments-
about two orders of magnitude towards higher Q2 as well as towards lower x values 
at small Q2. 
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Figure 5: The proton structure function T* (x, Q2) as a function of Q2 for different 
x intervals, together with data from NMC and BCDMS7The curves are results of 
a QCD fit. The scale of the T2 axis has been multiplied by alternating factors of 
three and ten when going from the highest x bin to lower x bins. 

A striking feature is the dramatic rise of J^ (x, Q2) at low x seen in Fig. 4, which 
confirms earlier observations at HERA.8'9 This rise is attributed to an increased 
gluon density (and consequently, a growing sea quark density) at low x values. 
Several models have been proposed to describe ?% (x, Q2) as follows: 

• One approach is to assume a flat gluon density xgfaQ2.) *~° const., like 
MRS D° and CTEQ1, 1 0 or a Regge behavior.11 These structure functions 
generally fall below the data and do not exhibit the observed strong rise. 

• Another approach is to assume a rising gluon density xg{x) ~ x~x, like 
MRS H, MRS D", and CTEQ2, but otherwise take the usual DGLAP 1 2 

parton evolutions. Such a singular behavior is a pure phenomenological 
parametrization of the gluon put in by hand. It is motivated by the BFKL 1 3 
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evolution predicting A = 0.5, in which the summation of large log(l/a:) con
tributions is taken into account (see Sec. 4.3). These structure functions axe 
able to reproduce the data by a proper choice of A ~ 0.3. 

• A third approach is to start with input parton distributions at a very low 
Ql scale and to evolve them in a double-leading logarithm approximation 
into the HERA regime. An example is the GRV14 structure function, which 
describes the data reasonably well. 

A leading order QCD fit15 has been performed using the DGLAP parton evo
lution equations with AQCD = 240 MeV and four flavors. The parton densities 
have the form x f(x) ~ x& (1 — x)"1 (1 + S x + e -y/s). The high x parameters are 
taken from low-energy data as given by the MRS H parton densities, while the 
low a; parameters f) and the normalizations are treated as free parameters. The 
results of the fit are shown as curves in Figs. 4 and 5, and demonstrate that the 
data are well-described by perturbative QCD. 

These new proton structure function measurements in a novel kinematic region 
will lead to the determination of more reliable parton densities and, in addition, 
may be used for the calculation of cross sections at very high energy hadron 
colliders. 

4.2 The Gluon Density in the Proton 

In order to get insight into the gluon density in the proton, several methods have 
been investigated. One can either use the inclusive measurement of the proton 
structure function or study the rate of boson gluon fusion processes. 

• The leading order QCD fit to foix, Q2) described in Sec. 4.1 gives the 
following result for the gluon density and its normalization: 

xg(x) ~ * - < M 8 ± M 8 ) t 

fxg(x)dx = 0.57 at Q% = 5GeV2. 

The value of the x-exponent of Pg = -0.38 ± 0.08 is close to the one 
favored by the BFKL evolution. However, it cannot be concluded that this 
mechanism is the only explanation for the steep rise of the gluon distribution. 

• Using the fact that the T2 (x, Q2) scaling violations at low x < 10" 2 are 
dominated by the conversion of gluons into qq pairs, one can relate the 



gluon density directly to the Q2 dependence of the proton structure function. 
Prytz 1 6 derives the following approximation in leading order, from which the 
gluon density can be extracted 

dft(x,Q2) _ 20a,(Q 2) 
31nQ* 27 ir 

xg(2x,Q2) (16) 

• A different approach is to analyze boson gluon fusion events with a 2 + 1 
jet topology and jet-jet masses m ,̂- > 10 GeV. The Xpqrton of the struck 
parton in the proton is reconstructed from Eq. (14). Unfolding the x^m 
distribution and correcting for QCD Compton background (~ 20%) and 
migrations (~ 10%), one gets the gluon distribution in the proton. Due to 
the event selection, this method gives only access to xg > 5 • 10~3. 

The results of the three analyses are consistent with each other and are dis
played in Fig. 6. Despite the still large errors, the data clearly prefer a rising 
gluon density with decreasing x, as already anticipated by the proton structure 
function behavior. 
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Figure 6: The gluon distribution xg(x) in the proton as function of x. 

4.3 Evidence for BFKL Evolution? 
Many QCD aspects of deep inelastic lepton nucleon scattering are adequately de
scribed by the DGLAP1 2 evolution equations. However, it is questionable whether 
this prescription still holds in the low x region accessible at HERA or has to be 
supplemented by another parton evolution model. One approach to describe the 
low x phenomena is the BFKL 1 3 evolution. 

| x 3 . * 3 
:'•'•' '•••" **• k a Triggor 

p _1 

Figure 7: Ladder diagram of deep inelastic ep -» ef X scattering. 

The basic diagram to discuss the features of the DGLAP and BFKL schemes 
is illustrated in Fig. 7. Before the struck parton hits the virtual photon (x = XBJ) 
to produce a current jet (labeled as n), it may emit a number of gluons. 

In the DGLAP scheme, the evolution proceeds in aalogQ2. The fractional 
momenta of the gluons decrease along the ladder, x < x„ < ... < Xi, while the 
transverse momenta increase and are strongly ordered, Q2 S> &i„ » . . . » k^_v 

As a consequence, the transverse energy flow E? will be depleted between the 
current and proton, and enhanced towards the current direction. 

At small a: < 10~2, large log (1/x) terms are encountered, which need to 
be resummed. This is done in the BFKL scheme, where the evolution proceeds 
in a, log(l/z). The longitudinal momenta of the gluons along the ladder still 
decrease, x <C x„ <S . . . «; xi; however, no ordering of the transverse momenta 
ftj.,- is imposed as they undergo a "random walk." The diffusion of transverse 
momenta leads to a reduction of the Bp flow around the current, being shifted 
towards the proton remnant. Another outcome of the BFKL evolution is the 
prediction of a steeply rising gluon density xg(x) ~ x~A with A = 0.5. 



Figure 8: The mean transverse energy flow ET as a function of pseudorapidity rj at 
x < 10" 3 and {Q2) ^ 15 GeV2. The proton direction is to the right, (a) The HI 
data compared to various Monte Carlo models including hadronization. (b) The 
same data compared to an analytic calculation in the BFKL scheme. The his
togram indicates the effects of hadronization in the MEPS model. 

Thus, the most sensitive kinematic phase space to study the onset of BFKL 
dynamics is the region between the current and proton remnant, x<g.Xj^il. 

4.3.1 Transverse Ehergj^Flow -" A way" from the Current J e t 1 7 

Figure 8(a) shows the mean transverse energy flow ET as a function of the pseu
dorapidity T) = — In tan(0/2) in the laboratory system for low (x) a 5.7 • 10~4 

and moderate (Q2) a 15 GeV2. The energy flow exhibits, an enhancement around 
the current direction in the central region and levels off at about 2 GeV per unit 
of rapidity towards the proton remnant at large positive 77 values. The MEPS 
model (matrix elements plus parton showers), which uses the DGLAP evolution, 
produces considerably less energy in the forward region than observed. The color 
dipole model3 (CDM) with quite different dynamics, which supposedly mimics the 
BFKL behavior to some extent, is closer to the data. 

Recently, analytic calculations at the parton level of the ET flow using the 
BFKL scheme have been performed,18 shown in Fig. 8(b). As an illustration, the 
hadronization contribution to the ET flow is shown for the MEPS model. However, 
it is not obvious how the model-dependent, nonperturbative hadronization affects 
the calculations, whether it can just be added. Despite this, the BFKL expectation 
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of the transverse energy flow "away" from the current jet is much closer to the 
data than the expectations from DGLAP-based models. 

4.3.2 Events with an Energetic Forward Je t 

Another "footprint" for BFKL dynamics may be obtained from the rate of events 
with an energetic forward jet. 1 9 ' 2 0 The sensitivity to the BFKL scheme is enhanced 
for jets with k\itt a Q2 and x < xjtt <S 1, where little phase space is left in 
the DGLAP type evolution (see Fig. 7). Energetic forward jets are defined by 
a cone algorithm of radius R = y/Atf + A0* = 1 and pr,j>t > 5 GeV within 
5° < 6jet < 20°. DIS events are selected by requiring x < 2 • 10~3, xje, > 0.05, 
and 0.5 < pTJct / Q2 < 6 at an average Q2 =; 20 GeV2. 

x range Data MEPS BFKL DGLAP 
analytic analytic 

2 • 10- 4 -r 2 • 10" 3 128 ±12 ±26 69 111 45 
2 • 10-"-fl • 10" 3 8 5 ± 9 ± 1 7 37 75 25 
1 • 10" 3-r 2 • 10" 3 4 3 ± 7 ± 1 7 32 36 20 

Table-2: The uncorrected rates of forward jets observed and expected for an 
integrated luminosity of C = 330 n& - 1. MEPS denotes a full detector Monte 
Carlo including hadronization. BFKL and DGLAP refer to analytic calculations 
at parton level. 

The number of observed events with an energetic forward jet is given in Table 2 
together with some model predictions.20 The data show a clear increase in the rates 
by a factor of ~ 2 as x decreases. It is rather the x dependence which should be 
compared to model predictions, since the absolute values are less reliable. The 
DGLAP-based models—the full MEPS simulation including hadronization and 
its analytical variant at the parton level—badly fail to describe the observed rise 
at low x. On the other hand, the analytic BFKL calculation shows a similar 
x dependence as observed in the data. 

Whether these two observations—the enhanced transverse energy flow between 
the current and proton remnant, and the rate of events with an energetic forward 
jet at low x values—can be regarded as evidence for the onset of BFKL dynamics 



remains still open. They are certainly interesting first signs for a breakdown 
of conventional DGLAP evolution. More detailed studies are required, and in 
particular, improved Monte Carlo event generators including the BFKL evolution 
scheme are needed. 

4.4 Diffractive Scattering 

It has been argued that HERA provides a rather unique possibility to study diffrac-
tive dissociation at short distances (see, e.g., HERA workshop2). Quoting Bjorken: 
"A difFractive process occurs if and only if there is a large rapidity gap in the pro
duced particle phase space which is not exponentially suppressed." A method to 
discriminate diffractive scattering against conventional DIS is to classify events ac
cording to the maximum pseudorapidity t]maX) i.e., closest to the proton direction, 
at which some energy Em{n is deposited in the detector. 
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Figure 9: Distribution of events as a function of t)m„ with JBml„ > 0.4 GeV 
for DIS events, (a) Comparison of data with LEPTO and VMD expectations, 
(b) Comparison of data with LEPTO and RAPGAP expectations. 

The »7m o l spectrum of the data 2 1 with Emin > 0.4 GeV, based on an integrated 
luminosity of 273 nb~l, is shown in Fig. 9. The bulk of the data deposit energy in 
the forward LAr calorimeter, close to its acceptance limit t]LAr ~ 3.65. There is, 

- 525 

however, a class of events with a large rapidity gap 2 2 ' 2 3 extending into the central 
and backward region of the detector. Such events are not accounted for in the 
usual DIS event generators like, e.g., LEPTO. 

<<0 "s; 
1 * 5 = 

Figure 10: Diagrams for vector meson (p,u,<j>) and electron Pomeron scatter
ing, (a) VMD scattering (graphs with vector meson and/or proton dissociation 
omitted), (b) inelastic qP scattering, and (c) inelastic g P scattering. 

Assuming that the proton interacts diffractively, the observation of large ra
pidity gap events can be viewed as the exchange of a colorless Regge pole in the t 
channel, the Pomeron. Two possible models have been considered in the following 
analysis. The first mechanism assumes vector meson scattering p, w, <j>, which 
can be either elastic [Fig. 10(a)] or accompanied by soft dissociation of the vector 
meson and/or proton (VMD model). The second mechanism considers the possi
bility that any partonic structure of the Pomeron, a quark [Fig. 10(b)] or a gluon 
[(Fig. 10 c)], is resolved by the highly virtual photon (RAPGAP model2 4). Both 
models account for the rapidity gap phenomena and, when properly combined 
with the LEPTO generator, are able to describe the rjmax distribution of Fig. 9. 

Experimentally, large rapidity gap events are defined by satisfying i]max < 1.8 
(or 6 > 20°) for £„,,„ > 0.4 GeV. Some of their properties can be summarized as 
follows:21 

• A fraction of ~ 5% of observed DIS events have a large rapidity gap. 
This rate is almost independent of Q2 at fixed x. 
The same Q2 independence is found for invariant masses Mx > 7.5 GeV. 
These observations are consistent with leading twist effects in QCD. 



• The invariant mass spectrum peaks at low Mx compared to DIS. 

• Both the VMD and the RAPGAP model describe the properties of the large 
rapidity gap events equally well. However, 

- about 10% of the events are exclusive vector meson production, 
- a significant fraction of events has a jet and even two-jet structure. 

Thus, a definite interpretation of the diffractive processes is still open. 

The occurence of large rapidity gap events cannot explain the rise of the proton 
structure function Tz(x,Q2) at low x. A structure function analysis has been 
done for the large rapidity gap events, restricting the x values of the Pomeron to 
xp < 10~2 as imposed by the selection criteria. The diffractive contribution to 
Fiix, Q2) is displayed in Fig. 11 for the low Q2 data—it is an order of magnitude 
smaller than the total T2. 
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Figure 11: Diffractive contribution to the proton structure function J^ix, Q2) for 
xp < 10" 2 in the low Q2 data. 
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An attempt has been made to investigate whether the diffractive scattering 
can be factorized into a flux factor describing the momentum distribution xp of 
the Pomeron in the proton and a Pomeron-structure function. The differential 
cross section in terms of a diffractive structure function F2

D (x, Q2; xp, t) and the 
factorization ansatz can be written as 

d 4 a(ep-* ep'X) 4na2 t. j A „ D , ^ 2 . ,._. 

dxdQSdspdr - -w v - y + v ^(«.«'!*'.*). <i7> 
F2

D(x,Q2;xp,t) = f(xp,t)Ff(z,Q2), (18) 

JL = Q2 

Z xp Q2 + Mx' 

Here, t = (P — P1)2 is the squared momentum transfer between the incoming and 
outgoing proton (which, for the time being, cannot yet be measured); f(xp, t) 
describes the Pomeron flux and Ff (z, Q2) the Pomeron structure function. 

If factorization holds, then / F 2

B (a;, Q2; xp, t) dt = F° (z, Q2\ Xp) should 
have the same xp dependence for any constant z and Q2. This conjecture is 
indeed confirmed by the data. As an example, F 2

D (*> Q2i xf) as function of xp 
and different z values at Q2 = 15 GeV2 are shown in Fig. 12. A universal xy 
dependence is observed. A global fit to all data (x 2 = 1.05 per degree of freedom) 
yields 

F2

D(z,Q2;xP) = x^-3±^Fr(z,Q2). 

The measurements support clear evidence for diffractive production in deep 
inelastic lepton nucleon scattering, but its interpretation is still debatable. They 
may provide access to the elusive Pomeron. 

5 Jet Rates and as(Q2) 
The hadronic final state in deep inelastic scattering is an abundant source of jets 
as illustrated in Fig. 3. The production rate of multijet events is a function of the 
strong coupling constant a,(Q2) and of the gluon density in the proton. With the 
available statistics, it is not possible to determine both quantities simultaneously. 
In the present analysis,25 the 2 + 1 jet rate has been measured in order to extract 
<*a(Q2)- The quark and gluon densities are taken from low energy experiments as 
parametrized in MRS D~ or MRS H. 
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Figure 12: The diffractive structure function F£ {Z, Q2; XF) as a function of xF 

for different z values at Q2 = 15 GeV2. The curves are a universal fit to the data. 
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DIS events are classified as having N + 1 jets using the JADE algorithm and 
requiring the direction of each jet (except the +1 proton remnant) to be within 
10° < Ojc < 145°. A jet resolution parameter is defined as yc = rrifj/W2 with 
my being the invariant mass of any two clusters and W the invariant mass of the 
whole hadronic system. The observed N+1 jet rates RN+I as a function of yc is 
shown in Fig. 13 for two Q2 data samples. The MBPS model with the structure 
function MRS D~ gives a very good description of the RN+I distributions in the 
LAr sample for all yc values. The BEMC sample is fairly described for yc > 0.015. 

BEMC Sample 

0.8 
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LAr Sample 
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Figure 13: Multijet rates RN+I as a function of the jet resolution parameter yc 

for Q2 < 100 GeV2 (BEMC sample) and Q2 > 100 GeV2 (LAr sample). The 
observed jet rates (•) are compared to MEPS expectations at detector level. 

The jet rates strongly depend on the resolution parameter; for further analysis, 
a value of yc = 0.02 is chosen. The quantity of interest is the 2 + 1 jet rate 

R (Q2\ - ffw(Q2) 
«2MWJ - a 1 + 1(Q2) + <72+1(Q*)* 

= / [<*> (Q2)> parton densities]. 

(19) 
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Figure 14: (a) The 2 + 1 jet rate #2+1 as a function of Q2 compared to PROJET 
expectations for various A values, (b) The measured values of a, as a function of 
Q2. The dashed curve shows the fit result to the regularization group equation. 
For comparison, a fit to the assumption a, = const, is included (dash-dotted line). 

— The MEPS model is taken to unfold the observed 2 + 1 jet rates to the parton 
level, where they can be compared to the analytic ©(a2,) calculations of PROJET 2 6 

using the MRS D~ parton densities. 
The 2 + 1 jet rate and a determination of a,(Q2) depend critically on the 

inclusion of the low Q2 data, for which, however, the uncertainty of the parton 
densities is largest. Note that for 2 + 1 jet events, the x values of the struck 
parton are limited to a^rion > 0.02 due to the yc choice [see Eq. (14)], while 
for 1 + 1 jet events, Xpartm > 1.5 • 10~3. In order to remove this imbalance in 
Eq. (19) and to reduce the uncertainties on the parton distributions, only events 
with Xparton > 0.01 are further used. 

The corrected jet rate #2+1 as a function of Q2 is shown in Fig. 14(a). The 
agreement with the PROJET calculations for different values of the QCD para
meter A defined in the MS scheme with four flavors is good. The evaluation of 
the strong coupling constant a, as a function of Q2 is presented in Fig. 14(b). 
There is clear evidence for a running a,(Q2) from the jet rates, seen for the first 
time in a single experiment. A constant a, can be ruled out. 

Applying the regularization group equation to extrapolate to Af|, a fit to the 
data yields a preliminary value for the strong coupling constant 

".(Ml) = 0.121 ± 0.009 (stat) ± 0.012 (sys) , 

where the systematic error includes uncertainties due to detector effects, QCD 
models, parton densities, the choice of yc, and the renormalization and factoriza
tion scales. This value compares nicely with as{M%) = 0.119 ± 0.003 (exp) ± 
0.010 (theor) as obtained from jet rates by LEP experiments27 and demonstrates 
the consistency of the underlying QCD picture. 

6 The Charged-Current Cross Section 
In the past decades, the weak charged-current has been extensively studied in 
v N scattering experiments.28 The total cross section is found to rise linearly 
with the neutrino energy. However, the energies are far too low to be sensitive 
to any W propagator effect, as seen in Fig. 16. The first observation of the 
charged-current reaction ep -+ uX at HERA29 opens a new, rich field of elec-
troweak physics. This process is just the inverse of v N scattering, but at energies 
equivalent to ~ 50 TeV in fixed target experiments. 
_ The charged-current analysis29 is extremely simple and involves almost no 

Monte Carlo! The signature is a large missing transverse momentum carried by the 
undetected neutrino, pj |" '" = pj.„. The event selection requires | pf'" \ > 25GeV, 
which effectively removes all DIS NC and photoproduction background. The re
maining contamination from cosmic rays and halo muons is eliminated by special 
filter programs. A total of 14 charged-current events is observed for an integrated 
luminosity of C = 348 ± 17 n& _ 1. The efficiencies are essentially determined from 
the abundant NC data sample, discarding the scattered electron, and applying 
the same criteria as for the CC analysis. 

The charged-current cross section for the reaction ep -> vX and neutrino 
momenta p i > 25 GeV is measured as 

<rCC(p± > 25 GeV) = 55 ± 15 (stat) ± 6 (sys) pb , 

which can be compared with the expectation of o$°„ (p± > 25 GeV) = 40.9 pb. 
The sensitivity of the predicted cross section to a propagator (1 + Q2IM^ro^)~2 

is shown in Fig. 15. The measurement is consistent with a propagator mass of the 



prop 
Figure 15: The charged-current cross section as a function of the propagator mass 
Mprop (thin line). The dashed line indicates the asymptotic case Mprop = °o. The 
shaded region represents the measured cross section. 

known W resonance, 3 0 Mw = 80.22 GeV, and definitely excludes the asymptotic 
case Mprop = oo. With the high energy provided by the HERA ep collider, the 
effect of the W propagator in deep inelastic charged current interactions is visible 
for the first time. 

The measured charged-current cross section has been converted to an equi
valent v N cross section, shown in Fig. 16. The extrapolation of px to zero and 
the contribution of the relevant flavors necessarily reduces the sensitivity to the 
propagator (c/. Fig. 15). 

A comparison of the neutral and charged current cross sections with a trans
verse momentum of the outgoing lepton of p i > 25 GeV, i.e., Q2 > 625 GeV2, 
yields 

Both cross sections are expected to become of similar magnitude a t Q2 ~ Mjy. 

7 Physics with Almost-Real Photons 
Photoproduction is characterized by an electron scattered under a large angle 
into the backward region of the detector. For tagged electrons, the negative mass 
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Figure 16: Energy dependence of the charged-current cross section from low energy 
uN experiments (+). The HI measurement (•) has been converted to a uN 
cross section and corresponds to a fixed target energy of ~ 50 TeV. The dashed 
line indicates a linear extrapolation of the v N data; the full line includes the 
W propagator effect. 

squared of the virtual photon, Q2, is close to zero and the photon can be considered 
as almost real. This offers the possibility to study collisions of almost real photons 
with protons. The total yp cross section has been measured31 as 

ol& = 156 ± 2(stat) ± 18(sys) ftb 

at an average center-of-mass energy of (W 7 P) = 197 GeV. 
In most cases, yp scattering proceeds as a soft peripheral collision via vec

tor meson dominance as illustrated in Fig. 10(a), i.e., the photon behaves like a 
hadron. More insight in the structure of the photon can be obtained by the study 
of hard jp interactions leading to two or more jets. Generically, one distinguishes 
between direct processes with x 7 = 1, where the photon carries the full fractional 
momentum ar7 and interacts pointlike with a parton of the proton [Fig. 17(a)], 
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and resolved processes with a;7 < 1, where a constituent of the photon interacts 
with a partem of the proton and an additional photon remnant should be observed 
[Figs. 17(b) and 17(c)]. Note that yp scattering is more sensitive to the gluon 
content of the photon, while 77 scattering probes the quark content of the photon. 

Figure 17: Examples of quasireal photon-proton interactions, (a) Direct photon 
process (x 7 = 1); (b) and (c) resolved photon processes (a;7 < 1). 

7.1 The Structure of the Photon 

In order to study the structure of the photon in hard 7p scattering, tagged 
events with at least two jets of cone radius R = 1 with a transverse energy of 
E'l* > 7 GeV within the pseudorapidity range —0.2 < rfet < 2.5 have been 
selected, which give access to parton momenta 0.03 < x 7 < 1. The momentum 
fraction a;7 of the photon can be reconstructed via 

Ei.1e-i'+Ei.2e-'>2 .„„. 
*•> ~ 2E, • <2°) 

The x 7 distribution unfolded for detector effects is presented in Fig. 18(a). 
The data show a distinct enhancement around £ 7 ~ 1, which is an indication 
of the direct component of yp interactions. The measurements are compared to 
the PYTHIA3 expectations for the direct component and the quark part of the 
resolved photon contribution using the GRV-LO14 structure function. The sum 
of both components gives a good description of the data for x7 > 0.2. The excess 
of events at lower * 7 values can be attributed to the gluon content of the photon. 
The resulting gluon density in the photon is shown in Fig. 18(b). Despite the still 
large errors, the data prefer a gluon density rising towards low x 7 and already 
discriminate between different parametrizations.14 ,32 
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Figure 18: (a) The a;7 distribution compared to PYTHIA expectations of the 
direct component (dashed line) and the quark part of the resolved contribution 
(full line), (b) The gluon density in the photon compared with several models. 

7.2 Hard Diffractive yp Scattering 
As mentioned above, a large part of the yp cross section is due to diffractive 
scattering between a vector meson and a Pomeron in the proton. The hard com
ponent of diffractive yp scattering can be studied by searching for events with 
a large rapidity gap between the hadronic final state and the proton remnant,33 

similar to the DIS analysis in Sec. 4.4. 
Figure 19 shows the distribution of events as a function of the maximum pseu

dorapidity t]max at which an energy Em{n > 0.4 GeV is deposited in the detector. 
The majority of events deposit some energy close to the detector acceptance limit 
around T)IAT ~ 3.65. However, there is a long tail towards small r]maz values hav
ing a large empty phase space between the proton and the hadronic final state. 
The nondiffractive part of the PYTHIA model badly fails to describe the data. 
Only the inclusion of photon diffractive dissociation gives a good description of 
the observed 7/ m o l spectrum. 

In the following, diffractive yp events are defined by requiring a large rapidity 
gap Jjmax < 1-5. The remaining nondiffractive contamination is estimated to be 
negligible. 

In Fig. 20, the pj. spectrum of charged particles in the range —1.5 < ij < 1.5 is 
presented. The distribution shows an exponential fall at low transverse momenta 
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Figure 19: The t]maz distribution of photoproduction events compared with the 
PYTHIA model of nondiffractive (nd) and photon-diffractive dissociation (sd). 

with a long tail extending up to px ~ 5 GeV2. A similar shape of the px spectrum 
has been observed in the whole inclusive photoproduction event sample,34 where 
the tail has been interpreted as being due to hard yp scattering. A comparison 
with models shows that PYTHIA with soft diffraction is able to describe the 
exponential fall of the bulk of the data at low px but clearly cannot account for 
the long tail, while the hard diffractive model POMPYT 3 reproduces the high px 
behavior. The sum of both models is in good agreement with the data. The need 
of a diffractive hard scattering model can be taken as evidence for hard scattering 
at the parton level in photon diffraction. 

Another signature of hard diffractive yp scattering is the observation of jets. 
A search for jets with a transverse energy of E%' > 4 GeV within the pseudora-
pidity range —1 < rfct < 1.5 has been performed. The 77m a l distribution of all 
7P events containing at least one jet is shown in Fig. 21. The same character
istics as in Fig. 19 are observed: a clear signal of events with J7 m o l < 2, which 
cannot be explained by the nondiffractive PYTHIA model. Hence, dim-active yp 
events exhibit jet features similar to the nondiffractive data. The inclusion of the 
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Figure 20: Transverse momentum distribution of charged particles in diffractive 
7P events with a large rapidity gap compared to expectations from a soft diffrac
tive model (PYTHIA, dash-dotted line) and a hard diffractive model (POMPYT, 
dashed line). 

POMPYT model gives a fair description of the data, with a slight preference for 
a hard gluon distribution in the Pomeron, xg(x) ~ a;(l — x), over a soft one, 
xg{x)~(l-x)s. 

The diffractive data sample with a large rapidity gap r\m<a < 1.5 and a total 
transverse energy E"' > 5 GeV contains about 7.1% single-jet events and 1.2% 
two-jet events. The jet profiles in the central region are shown in Fig. 22 and are 
compared to those jet events without a large rapidity gap. The observed profiles 
are similar except at large At} > 1, corresponding to the region required to be 
devoid of energy in the rapidity gap selection. The jet profiles as well as the £j. e ' 
and rfet distributions for large rapidity gap diffractive yp events are well-described 
by the POMPYT model. 

In conclusion, both the inclusive px spectrum and the jet analysis show evi
dence for hard diffractive yp scattering between partons in the photon and partons 
in the Pomeron. 
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Figure 21: The rjmaz distribution of yp events containing at least one jet compared 
with the nondiffractive (nd) PYTHIA model and POMPYT with a hard- and a 
soft-gluon structure function. 
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Figure 22: Jet profiles of difiractive events with and without large rapidity gaps 
for 4 GeV < £Jf' < 6 GeV and |>j>e,| < 0.5. The histogram represents the 
POMPYT model. 
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Figure 23: (a) Mass spectrum M&-i- for ep -> t* £~ X compared to QBD ex
pectation (shaded area). The curve is a fit to the J ftp signal, (b) do/dp? for 
ep -> J/tpX compared with model predictions. The thick line is a fit to the data. 

7.3 Photoproduction of J/xp Mesons 

Heavy quark production by virtual or real photons is a sensitive tool to study 
strong interaction physics in a transition region between perturbative and non-
perturbative QCD. Since the energy scale, set by the heavy quark mass, is high 
enough to provide a sufficiently low strong coupling a„-a perturbative approach 
is justified. On the other hand, perturbation theory breaks down if long range 
"soft" interactions between the heavy quarks and the proton dominate. The pho
toproduction of J/tp vector mesons is ideal to study this transition regime in the 
charm sector. 

In the analysis35 of the reaction ep -> J/rjiX, the scattered electron remains 
undetected, limiting the virtuality of the photon to Q2 ^ 4 GeV2 and the yp 
cms energy to 30 GeV < Wlp < 180 GeV. J/tj> candidates are identified by 
their leptonic decay modes, requiring two oppositely charged electrons or muons 
and nothing else in the detector. These criteria select true elastic J/ip production 
contaminated by an unknown admixture of proton dissociation with unobserved 
fragments remaining in the beam pipe. 

The mass spectrum of e +e~ and /i +/i~ pairs is shown in Fig. 23(a). A clear 
J/i/> signal at MJ/J, = 3.10 GeV is observed over a smooth background from QBD 
lepton pair production. A fit to the data around ± 0.225 GeV of the nominal 



J/i/> mass yields 19 ± 5 muon pairs (C = 259 n& - 1) and 7 ± 3 electron pairs 
(C — 284 nb'1). The result for the cross section is 

a(ep -+J/ij>X) = 11.9 ± 2.5 (stat) ± 3.0 (sys) nb . 

The ep cross section can be converted into a yp cross section after unfolding 
the photon flux. The total photoproduction cross section for J/ip mesons is 

<r(7P ->• J/ipX) = 57 ± 12 (stat) ± 14 (sys) nb 

at an average center-of-mass energy of (W 7 P) = 90 GeV. 

10 100 
W7p [GeV] 

Figure 24: Total cross section (•) for fp -* J/i/>X compared with other experi
ments and various model predictions. 

A comparison with earlier low energy experiments is presented in Fig. 24. The 
J/i// photoproduction cross section still rises at HERA energies, but its interpre
tation is not obvious due to the unknown inelastic contribution, present to some 
extent in most experiments. The HI selection accepts events with an elasticity pa
rameter z = Ej/^/Ey > 0.95, where the energies are measured in the proton rest 
system. The VMD model of PYTHIA predicts an elastic contribution of ~ 50% 
at HERA energies and falls below the measurement. The same is true everywhere 
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for the elastic part of the QCD-inspired model of Jung et al. 3 If inelastic contri
butions with z > 0.95 are included, the HI cross section can be reproduced using 
the MRS D~ structure function. A flat gluon distribution as in MRS D° lowers 
the prediction by a factor of ~ 1.6, which emphasizes the sensitivity of charm 
production to the gluon content in the proton. 

More information on the characteristics of J/i/> production can be obtained 
from the dependence on the momentum transfer t from the proton to the J/ij>, 
which can be approximated by t = (p 7 — pj/$)2 £* —p\. The differential cross 
section dcr/dpj- is displayed in Fig. 23(b). The tail towards larger p\ is due 
to events with finite values of Q2. An exponential fit to the data below p\ < 
0.75 GeV2 yields a slope of 6 = -(4.7 ± 1.9) GeV~2. In models with pure elastic 
diffraction, a steeper p\ dependence of 6 2i —8 GeV~2 is expected, while the 
inclusion of inelastic contributions reproduces the data fairly well. 

Future investigations with high statistics will concentrate on determining the 
inelastic contribution to J/ip production. Furthermore, the detection of heavy 
flavors through their semileptonic decays or D' production will allow another 
measurement of the gluon density in the proton. 

8 Beyond the Standard Model 
The large, available, center-of-mass energy at HERA has been explored to search 
for physics beyond the Standard Model. Signals for new phenomena can be dis
covered either directly or indirectly. 

Common to all direct searches is the s channel formation of new heavy reso
nances, such as heavy leptons, leptoquarks, leptogluons, and squarks, showing up 
as a peak in the mass distribution at M = y/xs. The production cross section for 
a heavy particle H is given by 

a(ep-+HX) = i^.(2J + l)jiBfi/p(M2/s) (21) 

where J is the spin of the particle H and fi/p(x) is the density of partons t in the 
proton with momentum fraction x = M2/s. The width T and the decay branching 
ratio B depend on specific models for the coupling to the new particle. 

The search for new bosons or eg compositeness can be considerably extended 
beyond the kinematic production limit of HERA through the study of indirect 
effects from a virtual particle exchange. Such virtual effects are conveniently 



described by contact interactions36 and show up as deviations from the Standard 
Model at high Q2 values. 

The various analyses are based on an integrated luminosity of C = 320 -r 
528 nb~l. All model-independent limits on masses and couplings are quoted at a 
95% confidence level. 

Heavy leptons are searched for in the channels37 

e* -4 e7, eZ, uW 
v* -> J/7, vZ, eW 

•with the subsequent decays of the gauge bosons Z and W into lepton or quark 
pairs. No deviations from QBD Compton scattering and standard DIS are ob
served for masses between 10 GeV and 225 GeV. Therefore, cross sections for 
new heavy lepton production of 

o(ep-*e'(u')X) > O(10 pb) 

for masses Mt> („.) < 225 GeV 

can be ruled out. 
Leptoquarks are color-triplet bosons of spin 0 or 1 carrying lepton (L) and 

baryon (B) numbers. The new quantum number F = L + 3 B can take values 
of F = 2 for-(e~g) leptoquarks and F-~ = 0-for-(e rg) leptoquarks.-They are 
classified38 according to their spin and isospin quantum numbers. The partial 
decay widths T are related to the coupling constants A by Ts = (A2/16;r) M for 
scalar and IV = (A2/24 n) M for vector leptoquarks. The decay topologies into a 
lepton + jet are indistinguishable from neutral and charged DIS events, but the 
angular decay distributions differ due to the spin of the leptoquarks. 

The observed mass spectra3 9 are fully compatible with the expectations from 
Standard Model DIS events. The derived model independent limits on the cou
plings A as a function of the scalar and vector leptoquark masses are presented in 
Fig. 25. There is a considerable improvement over previous measurements.'40,4l 

For low masses, where the quark densities are high, very small couplings are ac
cessible, while for masses close to the kinematic limit, the quark densities become 
so low that couplings of A ~ 1 are necessary to get observable cross sections. As 
expected, better limits are obtained for leptoquarks coupling to quarks than for 
leptoquarks coupling to antiquaries. 
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Figure 25: Upper limits (95% confidence level) on couplings A as a function of 
mass for scalar and vector leptoquarks; (a) and (b) show (e~ q) leptoquarks with 
F = 2, while (c) and (d) show (e~ q) leptoquarks with F = 0. The additional 
lines in (b) and (d) represent the results of indirect searches from a contact-term 
analysis. 



Indirect searches for certain vector leptoquarks with enhanced couplings to 
u quarks from a contact-term analysis complement the direct searches. They 
provide more stringent bounds at masses approaching or exceeding the HERA 
center-of-mass energy and scale as MIQ/X. 

Assuming a coupling of electromagnetic strength (A = s/Twa = 0.3) for the 
direct searches, the following mass limits for leptoquarks can be set 

direct searches scalars Ms > 135 -f 235 GeV A = 0.3 
vectors Mv > 145 -5- 230 GeV A = 0.3 

indirect searches vectors My > 300 -r 530 GeV A = 1. 

For comparison, the D0 experiment42 gives lower mass limits of 116 (130) GeV 
for scalar leptoquarks and 189 (195) GeV for vector leptoquarks assuming a 
branching ratio B = 0.5 (1) into electron and quark. The mass limits from hadron 
colliders are independent of the coupling A, because leptoquarks are dominantly 
produced via a virtual gluon. 

Leptogluons appear in composite models as color octet partners of the color 
singlet leptons. The signature of an electron + jet final state is similar to lep
toquarks and neutral current DIS events, but the angular decay distribution is 
characteristic for a spin 1/2 particle. The production cross section depends on 
a scale parameter A, which is related to the decay width by T = a,M3/(4A2). 
Again, no deviation of the measured mass spectra from the Standard Model ex
pectation is observed. This can be converted into an exclusion limit. Leptogluons 
of masses Mia < 169 GeV for compositeness scales A > 1 TeV are ruled out. 

Squarks (q) are predicted in supersymmetric extensions of the Standard 
Model as scalar partners of the known quarks. In some supersymmetric mo
dels, the Rp parity, defined as Rp = (-1)3^+^+25 w j t j j 5 being the spin, can be 
violated. R), squark decays are searched for in the decay sequence 

9 -> 79 
^qq'e±{v) . 

The striking signature is an apparent flavor-changing neutral current with a 
positron in the final state in half of the photino decays. The Rp coupling be
tween the first generation fermions is denoted as A'jn and depends on the assumed 
photino and squark masses. 

The absence of a signal can be converted into rejection limits of flp squarks for 
different photino masses, presented in Fig. 26. The limits for A ' m are similar to 
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those for the SQ leptoquark, but here, the gauge decay contributes dominantly at 
low coupling (i.e., M§ <, 100 GeV) and the Rp decay at masses above 175 GeV. 
Limits for other q decay modes can be derived by multiplying A ' m with the square 
root of the appropriate branching ratios. 

M (GeV) 

Figure 26: Upper limits (95% confidence level) on the coupling A ' m as a function 
of squark mass for various photino masses. 

Assuming a coupling of electromagnetic strength (A' J n = 0.3) squarks with 
masses of M§ > 239 GeV in Rp supersymmetric models can be excluded, with a 
weak dependence on the assumed photino mass. 

For comparison, the dilepton data of the Tevatron experiments can be used to 
estimate4 3 a mass limit for Rp squarks of M$ > 100 GeV. 

e q compositeness occurs in models where the fermions are supposed to have 
a substructure. If they have common constituents, an eg compositeness scale 
parameter A can be defined for various chiral couplings (left- and/or right-handed 
helicities of electrons and/or quarks). 

A possible e 9 compositeness is searched for in a contact-term analysis. As
suming a strong coupling gi/4n — 1, lower limits on the compositeness scale for 
positive and negative interference with the 7 and Z fields of the Standard Model 
can be set 



A + > 1.15 TeV and A_ > 0.75 TeV . 

These limits are almost independent of the chiral structure. 
Similar studies at e +e~ and pp colliders30 yield values roughly a factor of two 

to three higher. 
Although so far no evidence for new phenomena beyond the Standard Model is 

found, substantially improved limits on couplings and masses for the production 
of new particles can be given. The direct searches cover almost the entire acces
sible mass region of HERA. Very promising for future investigations are indirect 
signatures by virtual boson exchange. The sensitivity to contact-term interac
tions roughly scales as (£*)« with integrated luminosity (£) and center-of-mass 
energy (s). 

9 Conclusion 
The first two years of HERA have already provided a wealth of new, interesting 
physics results concerning many different aspects of lepton nucleon scattering, 
such as neutral and charged current deep inelastic scattering, photoproduction at 
high energies, and searches for phenomena beyond the Standard Model. Only a 
selected part of the analyses carried out at the HI experiment could be presented 
in this paper. 

With the anticipated improved performance of the HERA collider, many more 
data will be collected in the future, allowing us to study in more detail the ad
dressed physics issues of ep scattering. 

Acknowledgments 
I am grateful to my colleagues from the HI Collaboration for the many valu
able discussions. I would like to thank A. DeRoeck for a careful reading of the 
manuscript. Finally, my thanks go to the organizers of the 1994 SLAC Summer 
Institute for providing such a stimulating and most pleasant atmosphere. 

- 536 

References 
[1] HI Collaboration, I. Abt et al., "The HI detector at HERA," DESY 93-103 

(1993), submitted to Nucl. Instrum. and Methods. 

[2] Proceedings of the "Physics at HERA" Workshop, Vol. 1, DESY, Hamburg 
(1991), edited by W. Buchmiiller and G. Ingelman. 

[3] Monte Carlo generators, "Physics at HERA," (see Ref. 2) Vol. 3 (1991). 

[4] A. D. Martin, W. J. Stirling, and R. G. Roberts, Phys. Lett. B 306, 145 
(1993); ibid. B 309, 492 (1993). 

[5] B. Lohr, "Recent results from the ZEUS experiment at HERA," these pro
ceedings. 

[6] NMC Collaboration, P. Amaudruz et al., Phys. Lett. B 295, 159 (1992). 

[7] BCDMS Collaboration, A. C. Benvenuti et al., Phys. Lett. B 223, 485^1989). 

[8] HI Collaboration, I. Abt et al., Nucl. Phys. B 407, 515 (1993). 

[9] ZEUS Collaboration, M. Derrick et al., Phys. Lett. B 316, 412 (1993). 

[10] J. Botts et al., Phys. Lett. B 304, 159 (1993). 

[11] A. Donnachie and P. Landshoff, M/C-th 93/11, DAMTP 92-23. 

[12] V. N. Gribov and L. N. Lipatov, Sov. J. Nucl. Phys. 15, 438 (1972); 
G. Altarehi and G. Parisi, Nucl. PhysrB 126, 298 (1077)p - — -
Y. L. Dokshitzer, Sov. Phys. JETP 46, 641 (1977). 

[13] E. A. Kuraev, L. N. Lipatov, and V. S. Fadin, Sov. Phys. JETP 45, 199 
(1977); 
Y. Y. Balitsky and L. N. Lipatov, Sov. J. Nucl. Phys. 28, 822 (1978). 

[14] M. Gliick, E. Reya, and A. Vogt, Z. Phys. C 53, 127 (1992); Phys. Lett. B 
306, 391 (1993). 

[15] L. F. Abbott, W. B. Atwood, and R. M. Barnett, Phys. Rev. D 22, 582 
(1980). 

[16] K. Prytz, Phys. Lett. B 311, 286 (1993). 

[17] HI Collaboration, I. Abt et al., Z. Phys. C 94, 377 (1994). 

[18] K. Golec-Biernat, J. Kwiecinski, A. D. Martin, and P. J. Sutton, Phys. Lett. 
B 335, 220 (1994). 



[19] A. H. Mueller, J. Phys. G 19,1463 (1993). 

[20] A. D. Martin, J. Kwieciriski, and P. J. Sutton, Nucl. Phys. B (Proc. Suppl.) 
298, 67 (1992). 

[21] HI Collaboration, T. Ahmed et al., preprint DESY 94-133 (1994), submitted 
to Nucl. Phys. B. 

[22] ZEUS Collaboration, M. Derrick et al, Phys. Lett. B 315, 481 (1993). 

[23] W. Bartel, A. DeRoeck, in Proceedings of the Europhysics Conf. on HEP, 
Marseille, France (1993); J. Dainton, in Proceedings of the XVI International 
Symposium on Lepton Photon Interactions, Cornell, Ithaca, USA (1993), 
edited by P. Drell and D. Rubin. 

[24] H. Jung, "The Monte Carlo generator RAPGAP," preprint DESY 93-182 
(1993), submitted to Comput. Phys. Commun. 

[25] R. Nisius, Ph.D. thesis, RWTH Aachen (1994); HI Collaboration, T. Ahmed 
et al., to be published. 

[26] D. Graudenz, "PROJET program manual," unpublished. 

[27] S. Bethke and J. E. Pilcher, Ann. Rev. Nucl. Sci. 42, 251 (1992). 

[28] D. Haidt and H. Pietschmann, Landoldt-Bornstein New Series 1/10, Springer 
(1988). 

[29] HI Collaboration, T. Ahmed et al., Phys. Lett. B 323, 241 (1994). 

[30] Particle Data Group, Phys. Rev. D 50, 1173 (1994). 

[31] HI Collaboration, T. Ahmed et al., Phys. Lett. B 299, 374 (1993). 

[32] H. Abramowicz, K. Charchula, and A. Levy, Phys. Lett. B 269, 458 (1991). 

[33] HI Collaboration, T. Ahmed et al., to be submitted to Phys. Lett. B. 

[34] HI Collaboration, I. Abt et al, Phys. Lett. B 328, 176 (1994). 

[35] HI Collaboration, T. Ahmed et al., Phys. Lett. B 338, 507 (1994). 

[36] P. Haberl, F. Schrempp, and H.-U. Martyn, "Physics at HERA," (see Ref. 2) 
Vol. 2,1133 (1991). 

[37] HI Collaboration, T. Ahmed et al., preprint DESY 94-138 (1994), submitted 
to Phys. Lett. B. 

[38] B. Schrempp, "Physics at HERA," (see Ref. 2) Vol. 2,1034 (1991). 

- 537 -

[39] HI Collaboration, T. Ahmed et al., preprint DESY 94-154 (1994), submitted 
to Phys. Lett. B. 

[40] HI Collaboration, I. Abt et al., Nucl. Phys. B 396, 3 (1993). 

[41] ZEUS Collaboration, M. Derrick et al., Phys. Lett. B 306, 173 (1993). 

[42] M. Abolins, "D0 top results, QCD, electroweak and new phenomena physics 
at Fermilab," these proceedings; D0 Collaboration, S. Abachi et al., Phys. 
Rev. Lett. 72, 965 (1994); CDF Collaboration, F. Abe et al., Phys. Rev. D 
48, 3939 (1993). 

[43] D. P. Roy, Phys. Lett. B 283, 270 (1992). 





INTERPLAY OF HARD AND SOFT PHYSICS IN 
SMALL x DEEP INELASTIC PROCESSES 

Halina Abramowicz* 

School of Physics and Astronomy 

Raymond and Beverly Sadder Faculty of Exact Sciences 

Tel Aviv University 

Leonid Frankfurt' 

School of Physics and Astronomy 

Raymond and Beverly Sackler Faculty of Exact Sciences 

Tel Aviv University 

and 

Mark Strikman'5 

Pennsylvania State University, University Park 

•Supported by GIF project No. 127402207/93. 
'On leave of absence from the St. Petersburg Nuclear Physics Institute, Russia. Supported by 
BSF Grant No. 9200126. 
'Also at St. Petersburg Nuclear Physics Institute, Russia. Supported by DOE Contract 
DE-FG02-93ER40771. 
'Speaker. 

©M. Strikman 1994 

- 539 -



ABSTRACT 

Coherence phenomena, the increase with energy of the coherence length, and 

the nonuniversality of parton structure of the effective Pomeron are explained. 

New hard phenomena directly calculable in QCD, such as diffractive electro-

production of states with M2 <£ Q2, and the color transparency phenomenon, 

as well as new options to measure the light-cone wave functions of various 

hadrons, are considered. An analogue of Bjorken scaling is predicted for the 

diffractive electroproduction of p mesons at large momentum transfers, and 

for the production of large rapidity gap events, as observed at HERA. A 

phenomenological QCD evolution equation is suggested to calculate the ba

sic characteristics of the large rapidity gap events. The increase of parton 

densities at small x, as well as new means to disentangle experimentally soft 

and hard physics, are considered. We discuss constraints on the increase of 

deep inelastic amplitudes with Q2, derived from the inconsistency of QCD 

predictions for inclusive and exclusive processes, and from the unitarity of the 

S-matrix for collisions of wave packets. New ways to probe QCD physics of 

hard processes at large longitudinal distances and to answer the long-standing-

problems on the origin of the Pomeron are suggested. Unresolved problems 

and perspectives of small x physics are also outlined. 

1 Introduction 
The aim of this report is to outline QCD predictions for color-coherence phenomena— 

a result of nontrivial interplay of hard and soft QCD physics specific for high-energy 

processes. Coherence phenomena provide an important link between the well-understood 

physics of hard processes, and the physics of soft processes which at present is mostly 

phenomenological. The soft/hard interplay is elaborated for the exclusive deep inelastic 

processes 7£ + N -+ a + N for M2 <g Q2, which are directly calculable in QCD. These 

processes provide new methods of investigating the structure of hadrons and the origin 

of the Pomeron, and allow us to search for new forms of hadronic matter in heavy ion 

collisions (for a review and references, see Ref. 1). The phenomenon of coherence reveals 

itself in high-energy processes through a large probability of occurrence of diffractive 

processes and through their specific properties. Thus, in this report, we concentrate 

mostly on diffractive processes. To explain the role of coherence in high-energy processes, 

we will consider some properties of QCD which are difficult to reconcile with intuition 

based on pre-QCD ideas and on perturbative QCD (PQCD) experience with medium x 
processes. 

Let us outline briefly the experimental results pointing to a significant role of color-

coherent effects. 

(i) Observed fast increase of parton distributions at small x and large momentum trans

fer Q (Refs. 2 and 3) which, in the case of the ZEUS measurements, can be parametrized 

as* 

FiP(x, Q2) = (1 - x2f [0.35 + 0.017ar<-35+-161oS'°«J)] . (1) 

"This parametrizationis not applicable for Q2 > 104 GeV2 where it leads to a divergence of the momentum 
sum rule which is precise in QCD. 



:) Large cross section measured for leptoproduction of vector mesons at CERN4 and 

HERA,5 which increases with energy as 

a(nm + p-tp + p)<x a,2

0((7* + p) • (2) 

The energy dependence obtained by the HERA data is much faster than that of cross 

sections for soft two-body hadron processes like elastic pp collisions. At the same 

time, this observation is in line with the QCD predictions for the electroproduction 

of vector mesons and for color-transparency phenomenon which are described in 

Sees. 4-6. 

i) Large probability of occurrence of large rapidity gap events observed at HERA in the 

deep inelastic regime6'7—this is more evidence for the important role of soft physics 

in deep inelastic small x processes. HERA data 8 support the dominance of events 

with low transverse momenta k,. A significant magnitude of nuclear shadowing in 

nucleus structure functions observed at CERN and at FNAL is yet another piece 

of evidence for the important role of soft physics in the deep inelastic processes at 

small x (for a recent review of experimental data, see Ref. 9, and for a theoretical 

discussion of nuclear shadowing, see Refs. 10 and 11, and references therein). 

) Presence of significant fluctuations in the strength of high-energy hadron-nucleon 

interactions, as indicated by the analysis of soft diffractive processes with protons and 

nuclei. In particular, the observed cross sections for inelastic diffractive production of 

states X off nuclei,12 h+A -» X+A, increases with the atomic number A significantly 

faster than the expected A' if hadrons were to interact with a nucleus as with a black 

body. 

Glossary and Notation 

the course of the presentation, we will use a customary notation for variables used in 

cribing deep inelastic phenomena. For convenience, we define them below: 

• q denotes the four-momentum vector of a virtual photon 

and 

• x is the Bjorken variable 

9 = (ft. 0), 

2p-q' 

where p denotes the four-momentum vector of the target; for nuclear targets with 

atomic number A, x is defined as 

AQ2 

x = —-1-— : 
2p-q' 

• mjv stands for the mass of the nucleon; 

• s denotes the square of the center-of-mass energy available in the collision of a pro

jectile with a target. 

For the sake of simplicity, we do not always explain all the variables if the notation 

is self-explanatory. Thus, we use E to denote the energy of a state or a particle, M for 

the mass of a state, and m for the mass of a particle. The subscripts explain further the 

objects considered. 

We will try to consistently denote by N a nucleon target, by A a nuclear target, and 

by T any target (N or A). 

In the splitting of the photon into a qq pair, we will denote by z the fraction of the 

photon momentum carried by one of the quarks of the pair, and by kt their transverse 

momentum relative to the photon direction. 

When we refer to the small or low z region, we have in mind x typically less than 10~2, 

which corresponds roughly to the value of x where one starts observing a rise of parton 

densities in the proton. Medium x refers to 10~2 < x < 10 - 1 . 



3 Increase of Coherence Length with Energy 

The starting point of our discussion is the pre-QCD suggestion13 that distances along a 

projectile momentum direction, / c, which contribute to high-energy processes, increase 

with energy. The underlying nontrivial physical picture is that a sufficiently energetic 

projectile transforms into a hadronic component at longitudinal distances /,. from the 

target which are large and increase with energy. In the case of deep inelastic processes, 

the typical longitudinal distances, in the target rest frame, are described at small x by 

the formula14 

c~2mNx' ^ ' 
This formula can also be understood as a consequence of the uncertainty principle and 

the renormalizability of QCD. The lifetime T of a virtual photon with momentum q in a 

hadron configuration |n) with mass M„ is given by the uncertainty principle as 

r = _ l 2J— * ^ _ . (4) 
En~q0~ M + Q2) 2mNx K > 

In the last step of the derivation of the above estimate, as a consequence of QCD renor

malizability, the contribution of masses M% » Q 2 has been neglected and M 2 has been 

approximated by Q2. 

In PQCD calculations of small x processes, theJncrease with energy of lc is a direct 

consequence of gauge invariance and the renormalizability of PQCD. In the nonperturba-

tive QCD regime within the parton model, Eq. (4) follows from fast convergence of the 

integrals over transverse momenta of constituents. 

We now turn to diffractive production of states X with mass Mx in the reactions 

a + T -> X + T, where a is a fast projectile and T the target. For the sake of the 

argument, we will assume that a is a photon with virtuality Q2. The minimal momentum 

transferred to the target in such a process is given by 

, _ (*4 + Q 2 ) ' 2 ,« 

where s = (q + p r ) 2 is the square of the center-of-mass energy of the 7 T collision. If at 

sufficiently large s 
_ |̂li«i, ( 6 ) 

the state X can be produced without disturbing the target, that is, without form factor 

suppression. Here, r\ is the average quadratic radius of the target. Thus, the variety 

of diffractive processes increases with increasing s. At the same time, the number of 

possible intermediate parton configurations in the wave function of the photon, which do 

not destroy the coherence of the target in the interaction, also increases. In the calculation 

of the diffractive cross section, the contribution of all these intermediate states has to be 

summed coherently.! For some hard diffractive processes, the sum over hadron states 

can be expressed through the parton distributions in the target (Sees. 3 and 4). The 

Fourier transform of the forward diffractive amplitude into coordinate space shows that the 

dominant contributions come from longitudinal distances concentrated around I ~ , ) 
V~"*mtn 

This is essentially the same result as established in Eq. (4). 

From all the above considerations, one can conclude that the mechanism of coherence 

is related to a large probability of coherent diffractive processes, and that /,. is a measure 

of the coherence length. 

The validity of the formula given by Eq. (4) has been established by B. Ioffe14 in an 

analysis of the Fourier transform of data on structure functions. Since the same distances 

are important in vacuum and nonvacuum channels,10 more evidence for the validity of 

Eq. (4) is the energy dependence and the significant value of nuclear shadowing in pho-

toproduction and in deep inelastic processes at large energies (for a recent review and 

references, see Refs. 10 and 11). To be more quantitative, let us consider a simple exam

ple which will be important for further considerations in this report. In the deep inelastic 

processes at HERA, for x = 10~4, the value of /„ in the proton rest frame comes out to be 

/. = 103 fm . (7) 

tFor soft hadron processes, this is implemented in the Gribov-Rcggeon calculus.1' 



'his is a macroscopic distance on the scale of hadronic physics. In the simplest case 

f a virtual photon fluctuating into a pair of almost-free quarks, the pair can propagate 

lacroscopic distances without confinement. At LHC energies in high p ( phenomena, /„ 

lay achieve atomic sizes—105 fm. The longitudinal size of the fast qq state is rather small, 

' ^ . However, since the qq pair is not an eigenstate of the QCD Hamiltonian, radiation 

f quark and gluons will occur during the space-time evolution of the wave packet, and 

;s longitudinal size may reach 1 fm by the time it hits the target. 

Thus, the space-time description of small a: processes in the target rest frame leads 

3 the conclusion that the quark-gluon configuration of the fast projectile involved in 

tie collision is built over macroscopic distances (on the scale of hadron physics). It 

> this property of small x physics which will lead to many coherent phenomena. In 

his report, we will often use the target rest frame when discussing coherence effects, 

ince the results cannot be frame-dependent, the same effects are present in the more 

conventional infinite-momentum reference frame. The choice of frame is thus a matter of 

onvenience. We will show that in the infinite-momentum frame, the same picture leads 

a short range correlations in rapidity space for small x partons. This will be important 

Dr the description of large rapidity gap events. 

I Interaction Cross Section for Small-Size Wave 

Packets 

)ne of the striking QCD predictions for hard processes dominated by large longitudinal 

istances, is that if a hadron is found in a small-size configuration of partons, it has a small 

ross section for interacting with a target. This prediction, which follows from the factor-

iation theorem for hard processes in QCD, is in variance with many phenomenological 

pproaches based on pre-QCD ideas and on quark models of hadrons. 

A sufficiently energetic wave packet with zero baryon and color charges, localized in a 

mall transverse volume in the impact parameter space, can be described by a qq pair. This 

conclusion follows from asymptotic freedom in QCD, which implies that the contribution 

of other components is suppressed by a power of the strong coupling constant a, and/or 

a power of Q2. A familiar example of such a wave packet is a highly virtual longitudinally 

polarized 7* in a qq state. Within the parton model, the cross section for the interaction 

of such a photon with a target is suppressed by a power of Q2. But at the same time, the 

probability for a longitudinal photon to be in a large transverse size configuration (soft 

physics = parton model contribution) is suppressed by a power of Q2. These properties 

explain why reactions initiated by longitudinally polarized photons are best to search for 

new QCD phenomena. 

The cross section for a high-energy interaction of a small-size qq configuration off any 

target can be unambiguously calculated in QCD for low x processes by applying the QCD 

factorization theorem. In the approximation where the leading a , l n ^ — l n x terms are 

accounted for, 1 6 , 1 7 the result is 

a(b2) = £ [b2«,(Q2)*GT(x,Q%^7M2^ , (8) 

where 6 is the transverse distance between the quark q and the antiquark q, and GT(X, Q2) 

is the gluon distribution in the target T calculated within this approximation. In this 

equation, the Q2 evolution and the small x physics are properly taken into account through 

the gluon distribution. 

It is possible to derive a similar equation in the leading a, In 7$— approximation; 
nQCD 

one should account for all hard processes, including box diagrams in which (anti)quarks 

exchange gluons. The final result has the same form as Eq. (8), but with GN(X,Q2) 

calculated in the leading a, In T $ — approximation. It also contains a small contribution 
nQCD 

due to sea quarks. Equation (8) accounts for the contribution of quarks, Q, whose masses 

satisfy the condition: lc = ^ 3 - S> r%. The estimate Q2 « p was obtained in Ref. 18 by 

numerical analysis of the 6-space representation of the cross section of the longitudinally 

polarized photon, OL, and by requiring that GT be a conventional gluon distribution 

calculated in the leading a, In j ?— approximation. 



The generalization of Eq. (8) for interactions of small-size wave packets with nonzero 

baryon number is straightforward, but technically rather cumbersome.19 

There is a certain similarity between Eq. (8) and the two-gluon exchange model of 

F. Low50 and S. Nussinov,21 as well as the constituent quark two-gluon exchange model 

of J. Gunion and D. Soper.22 The factor b2 which is present in the QCD expression (8) 

for the cross section is also present in these models. The major distinction between 

the results of QCD calculations and the two-gluon exchange models is the presence of 

terms involving both the gluon and the sea quark distributions in Eq. (8). The latter 

are particularly relevant for the fast increase of the cross section at small x, for the 

seemingly slow decrease with Q2 of higher twist processes, and for the increase of nuclear 

shadowing with decreasing x. All those effects are characteristic for QCD as a gauge 

quantum field theory, which predicts an increase of parton densities in hadrons with ^ in 

contrast to quantum-mechanical models of hadrons. Another salient property of QCD, as 

a renormalizable quantum field theory, is that for hard processes, the cross sections have 

to be expressed in terms of parton distributions in a target, where partons are the bare 

particles of the QCD Lagrangian. This is not the case in the quantum mechanical models of 

hadrons used in Refs. 23 and 24, where hard processes are modeled in terms of constituent 

quarks interacting through the exchange of gluons with nonzero mass. The attempt to 

reinterpret the gluon distribution in Eq. (8) as due to Weizsacker-Williams gluons arising 

from the color field of constituent quarks,24 is at variance with the QCD evolution equation 

analysis of the measured structure functions.25"27 Such analysis points to an important 

role of the valence sea and gluons in the nonperturbative parton distributions of a hadronic 

target, even at a very low normalization point. 2 7 ' 2 8 

In QCD, the inelastic cross section for the collision of a sufficiently energetic, small-size, 

colorless two-gluon configuration off any target is 

a<?) = \ [bWQ2),GT{x, Q%_^M^ , (9) 

where the parameter A is likely to be similar to the one present in the case of scattering 

of a qq pair off a target. The difference, compared to Eq. (8), is in the factor 9/4 which 

follows from the fact that gluons belong to the octet representation of the color group 

SU(3)c, while quarks are color triplets. 

5 Electroproduction of Vector Mesons in QCD 

One of the examples of a new kind of hard processes calculable in QCD is the coherent 

electroproduction of vector mesons off a target T, 

7 ' + T - > V + T , (10) 

where V denotes any vector meson (p,w,0, J/\&) or its excited states. 

The idea behind the calculation of hard diffractive processes is that when lc, as given 

by Eq. (3), exceeds the diameter of the target, the virtual photon transforms into a hadron 

component well before reaching the target, and the final vector meson V is formed well 

past the target. The hadronic configuration of the final state is a result of a coherent 

superposition of all those hadronic fluctuations of the photon that satisfy Eq. (6). Thus, 

as in the more familiar leading-twist deep inelastic processes, the calculation should take 

into account all possible hadronic intermediate states satisfying Eq. (6). The use of a 

complete sum over diffractively produced intermediate hadronic states allows us to express 

the result in terms of quarks and gluons as in the case of other hard processes. The matrix 

element for electroproduction of a vector meson A can be written as a convolution of the 

light cone wave function of the photon V"7' ""*'"*) the scattering amplitude for the hadron 

state \n), A(nT), and the wave function of the vector meson i/y 

A = t/>* 1 '~ > | n > ® A(nT) ® Vv • (11) 

In the case of a longitudinally polarized photon with high Q2, the intermediate state |n) 

is a qq pair. As was mentioned in the previous chapter, it can be demonstrated by direct 

calculations that the contribution of higher Fock state components and soft physics are 

suppressed by a factor of 4f, and/or powers of a,. The proof of this result resembles 

the calculation of the total cross section for the deep inelastic scattering in QCD. The 



ituation is qualitatively different in the case of a transversely polarized photon, due to 

he singular behavior of the vertex 7J -> qq when one of the partons carries a small 

raction of the photon momentum. In this case, soft and hard physics compete in a wide 

ange of Q2 (see discussion in Sees. 10 and 11). 

To understand the applicability of PQCD for the process discussed above, it is conve-

lient to perform the Fourier transform of the amplitude into the impact parameter space 

vhicb. leads to 

A oc Q Jb2xGT(x,b2)K0 (Qbjz(\ - 2)) ^(a,6)d%*(l - z)dz , (12) 

vhere z denotes the fraction of the photon momentum carried by one of the quarks. Here 

pi oc z(l - z)QK0 {Qb\]z{\ - z)) , (13) 

vhere K0 is the Hankel function of an imaginary argument. To estimate which values of 

> dominate in the integral, we approximate il>vi.zih) by (przjfjri which corresponds to 

<l>v(z,b) oc z(l - z)bKi(ixb). We vary (kf)1/2 = ̂  between 300 and 600 MeV/c. 

We find that in the case of o-£, the average transverse size is (6) ^: 0.25 fm for 

Q2 = 10 GeV 2,and x ~ 10~3, and it decreases at larger Q2, approximately as 0.3 fm -^"Y. 

[t also decreases weakly with decreasing x. The increase of GT(X, b2) in Eq. (12) with de

ceasing 6 substantially contributes to the decrease of (b). In the case of a transversely 

polarized 7*, the contribution of large 6 is not suppressed, since 

+-*<x-^Ko(Qby/z(l-zj) , (14) 

and therefore, the contribution of the kinematical region z -* 0 and z -»• 1, where non-

perturbative QCD dominates, is not suppressed. 

It is worth noting that the value of (6) contributing in the calculation of CL, 

(b(Q2 = 10 GeV 2)) cs 0.25 fm, is similar to that in the electroproduction of vector 

mesons, (fc (Q2 = 10 GeV 2)) =* 0.35 fm. However, for larger Q2 the difference be

tween the two values increases and reaches a factor of two for Q2 ~ 100 GeV2. 

q-k» 

Figure 1: A typical two-gluon exchange contribution to the amplitude 7*p -4 Vp. 

It can be shown that under certain kinematical conditions, the interaction of a qq pair 

with the target is given by Eq. (8). In the leading order in a . l n x l n ^ — , the leading 

Feynman diagram for the process under consideration is a hard quark box diagram with 

two gluons attached to it, convoluted with the amplitude for the gluon scattering off a 

target (see Fig. 1). 

One can consider the same process in the leading a, In -r?— approximation. In this 
nQCD 

case, one has to include also the diagrams where one hard quark line is substituted by the 

gluon line. This leads to an extra term oc ST{X, Q2) in Eq. (8), and allows us to treat the 

partem distributions in Eq. (8) with a, In -r?— accuracy, which is more precise than the 
nQCD 

original leading a. In x In -r£— approximation in Eq. (8). 
nQCD 

Since Feynman diagrams are Lorentz invariant, it is possible to calculate the box part 

of the diagram in terms of the light-cone wave functions of the vector meson and the 

photon, and to calculate the bottom part of the diagram in terms of the parton wave 



function of the proton. This mixed representation is different from the QCD-improved 

parton model, which only uses the light-cone wave function of the target. 

The next step is to express this amplitude through the parton distributions in the tar

get. In the cm. reference frame of the ep system, the target proton has large momentum 

P, while the photon four-momentum is \j^r, ~*ffi ig<)- The longitudinal momentum 

transferred to the proton in this reference frame, <$, is given by 

5 _M$ + Q2 

P** v ' 

So the calculation of the imaginary part of the Feynman diagram of Fig. 1 shows that 
the fractions of the target momentum carried by the exchanged gluons x,- and x/ are not 

equal, 
M2 

xi -xf = x, for -^ « 1. (15) 
•2 

We neglect terms of order O f e ) as compared to 1, with /< the transverse-momentum of 

the exchanged gluons. Within the QCD leading-logarithmic approximation 

a , l n i ~ l , (16) 

when terms ~ a, are neglected, the difference between a;,- and Xf can be neglected, and 

the amplitude of the qq interaction with a target is given by Eq. (8 ) . 1 6 , I ^ M 

We are now able to calculate the cross section for the production of longitudinally 
polarized vector meson states when the momentum transferred to the target t tends to 
zero,29 but Q2 -t cot 

d<f-,'N-tVN 
dt 

_ 12ir2rv^e+e-Tnva2(Q)r,2y Iv{Q2)2\(xGT(x,Q2) + q^-xGT{x,Q)\2 

M> <*EMQSN2 

(17) 
*In the paper of Brodsky et at.™ the factor 4 in Eq. (17) is missing. We are indebted to Z. Khan and 

A. Mueller for pointing this out. 

rV-je+e- »s the decay width of the vector meson into e +e~. The parameter r}y is defined 

^ = 2 J<fa*v(*) ' ( 1 8 ) 

where <5>t/ is the light cone wave function of the vector meson. At large Q2, Eq. (17) predicts 

a Q2 dependence of the cross section which is substantially slower than 1/Q6, because the 

gluon densities at small x fastly increase with Q2. Numerically, the factor a2(Q2)C?2(x, Q2) 
in Eq. (17) is oc Q" with n ~ 1 (see Fig. 4). An additional Q2 dependence of the cross 

section arises from the transverse momentum overlap integral between the light-cone wave 

function of the fl and that of the vector meson,18 expressed through the ratio Iv{Q2) 

Jo ^fej J f *fc«r &,n«iM». *«) 
MQ 2) f l „ /^T?,,, • (19) 

In Ref. 29 it was assumed that Iv(Q2) = 1; as for Q2 -> co, the ratio Iv(Q2) tends 

to 1. But for moderate Q2, this factor is significantly smaller than 1. For illustration, 

we estimated Iv{Q2) for the following vector meson wave function: ipy(z,k2) = ,ff^~A. 

The momentum dependence of this wave function corresponds to a soft dependence on 

the impact parameter 6, oc exp(—fib), in coordinate space. We choose the parameter n so 

that (fc,2)1/2 S 0.3 to 0.6 GeV/c. 

Our numerical studies show that the inclusion of the quark transverse momenta leads 

to several effects: 

• Different kr dependence of ipy leads to a somewhat different Q2 dependence of 

Iv(Q2)- Thus, electroproduction of vector mesons may become an effective way 

of probing kt dependence of the light-cone qq wave function of vector mesons. 

• The Q2 dependence of Iy, for production of vector mesons built of light quarks «, d, 

and s, should be very similar. 

• For electroproduction of charmonium states where (ic ~ ^ ^ t f c , the asymptotic for

mula should be only valid for extremely large Q2. 



'he NMC data 4 and the HERA data 5 on diffractive electroproduction of p mesons are 

insistent with several predictions of Eq. (17): 

• a fast increase with energy of the cross section for electroproduction of vector mesons, 

as seen in Fig. 2 from Ref. 18 (proportional to x~°-s for Q2 = 10 GeV2),§ 

• the dominance of the longitudinal polarization f4- oc Q2, 

• the absolute magnitude of the cross section within the uncertainties of the gluon 

densities and of the kt dependence of the wave functions (Fig. 2), 

• the Q2 dependence of the cross section for Q2 ~ 10 GeV2, which can be parametrized 
as Q~" with n ~ 4. The difference of n from the asymptotic value of six is due to 
the Q2 dependence of a2(Q2)G%{x,Q2) and of I2,, which are equally important in 
this Q2 range. 

We discussed above (see also Sec. 8) that the perturbative regime should dominate 

s well in the production of transversely polarized vector mesons, though at higher Q2. 

Ms may manifest itself in the x dependence of the ratio f£ for fixed Q2. At intermediate 

?2 ~ 10 GeV2, where hard physics already dominates in at, or may still be dominated by 

oft nonperturbative contributions. For these Q2, the ratio should increase with decreasing 

: ~ x2G% (x,Q2). At sufficiently large Q2, where hard physics dominates for both ah 

nd <rr, the ratio would not depend on x. 

The t dependence of the cross section is given by the square of the two-gluon form 

ictor of the nucleon G ^ t ) . Practically no t dependence should be present in the block 

f 7* gluon interaction for -t < Q2. Thus, the t dependence should be universal 

or all hard diffractive processes. Experimentally, the data on diffractive production 

f p mesons for Q2 > 5 GeV2 (Ref. 4), on photoproduction of J / * mesons,31 and even on 

This fast increase with decreasing x is absent in the nonperturbative two-gluon exchange model of 
lonnachie and Landshoff30 which leads to a cross section rising as ~ z - 0 - 1 4 at t = 0 and to a much 
rcaker increase of the cross section integrated over t. 
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Figure 2: The total longitudinal cross section, a ' . N H p W , calculated from Eq. (17) for 
several recent parametrizations of the gluon density in comparison with experimental 
data from ZEUS5 (full circles) and NMC4 (squares). Typical parameters for the p-meson 
wave functions as discussed above are taken ((fc2) = 0.45 GeV/c). We set r\y = 3 and 
parametrize the dependence of the differential cross section on the momentum transfer 
in exponential form with B « 5 GeV - 2 . Note that a change of T^Q 2 ) in the range 
corresponding to (fc2) ' between 0.3 GeV/c and 0.6 GeV/c introduces an extra-scale 
uncertainty of 0.7 to 1.4. 



neutrino production of D', mesons,32 show a universal t behavior corresponding to 

G\g{t) = exp(Bt) with B « 4 GeV"2 . (20) 

A certain weak increase of B is expected with increasing incident energy, due to the so-

called Gribov diffusion,33 but this effect is expected to be much smaller than for soft 

processes. However, in the limit Q2 = const and s -> oo, it is natural to expect an onset 

of a soft regime, which is characterized both by a slowing down of the increase of the cross 

section with increasing s, and by a faster increase of the slope B with s, 

| ^ « < £ , „ « 0.25 GeV"2. (21) 

For further discussion, see Sec. 15. 

We want to point out that for M\ <S Q 2, the effect of QCD radiation is small. 

This is because bremsstrahlung corrections due to radiation of hard quarks and gluons 

are controlled by the parameter a, In f% which is small because in the reaction considered 

here, £,• ~ Xf. This argument can be put on a formal ground within the double logarithmic 

approximation, where only terms ~ a, In j In ^j- are taken into account. One can consider 

a more traditional approximation, where terms a a. In i$— are taken into account but 
"QCD 

terms ~ a, are neglected. 

Within these approximations, itjs_legitimatetoneglect the contribution of the longi

tudinal momentum as compared to the transverse one. This is a special property of small 

x physics. Thus, the difference between a;,- and x/ leads to an insignificant correction. 

Formula (17) correctly accounts for nonperturbative physics, and for the diffusion to 

large transverse distances characteristic for Feynman diagrams, because in contrast to 

the naive applications of the BFKL Pomeron, the diffusion of small-size configurations to 

large transverse size is not neglected. 

Electroproduction of J / * mesons has been considered also in Ref. 35 within the non-

relativistic constituent quark model for J/^-meson wave function in the whole Q2 range. 

In the limit, where we can justify the application of PQCD [Eq. (17)] (m 2,^ < Q2), the 

result of Ref. 35 coincides with the nonrelativistic limit of our result if JV is assumed to 

be equal to 1. At the same time, the inclusion of the transverse momentum distribution 

of c quarks in the J / * wave function significantly suppresses the cross section of the 

diffractive electroproduction of J / * mesons for Q2 < m 2 ,^. In particular, in the case of 

photoproduction calculations in the model of Ref. 35, which take into account the Fermi 

motion of quarks using realistic charmonium models, lead to a cross section smaller than 

the original result by a factor of 4 to 8, depending on the model (see discussion in Ref. 18). 

Remember that the transverse distances essential in the photoproduction of the J / * me

son are ~ —, which is comparable to the average interquark distance in the J/*P wave 

function. Since the energy dependence of diffractive photoproduction of J/^l is consistent 

with the PQCD prediction of Ref. 35, the disagreement with the absolute prediction may 

indicate an important role for the interaction with an interquark potential. 

It is worthwhile to notice the possibility of investigating the distribution of color in 

vector-meson production in 7*7 collisions, in reactions like 7*7 -> V\ + V2, where V\ is 

produced along 7* and Vi along the quasireal photon. Study of this reaction and use 

of Eq. (17) would allow us to measure the gluon density at small x in various vector 

mesons. It would be revealing to see how large is the difference between, say, Gp(x, Q2) 

and G$(x, Q 2), or Gj/y{x, Q 2), and to investigate its dependence on the difference in radii 

of these vector mesons. 

Another interesting process which can be calculated using the technique discussed 

above, is the production of vector mesons in the process 7£ + p -» V + X in the triple-

Reggeon limit where — t > few GeV2 and — t < Q 2. In this kinematical domain, the 

dominant contribution is due to the scattering of the two gluons off a parton of the target: 

g + g + parton -4 parton. To avoid the uncertainties related to the vector-meson wave 

function, it is convenient to normalize the cross section of this process to that of the 

exclusive vector-meson production at t = 0 (Ref. 36) 



rfl _ JL/V 2 

dl 

}[G,W, k2) + ?lsPw,k*j\dy 

[*Gp(x,Q*)f ' ( 2 2 ) 

vhere Sp is the density of charged partons in the proton, v = 2mnqo, x = Q2/v, k2 = —i, 

i = —t/2(qo — PVO)™N with pv 0 the energy of the vector meson, and all variables are 

lefined in the nucleon rest frame. 

It follows from Eq. (22) that the cross section of the process fl+p -> V + X 

hould decrease very weakly with t, and therefore, it is expected to be relatively large 

it -t ~ few GeV2. Using an approach like that taken in Refs. 37 and 38, one can easily 

mprove Eq. (22) to account for leading a, lax terms. 

Equation (22) is a particular case of the suggestion (and of the formulae) presented 

n Ref. 37, that semiexclusive large t diffractive dissociation of a projectile accompanied 

>y target fragmentation can be expressed through the parton distributions of the target. 

The advantage of the process considered here, as compared to the general case, is the 

>ossibility to prove the dominance of hard PQCD physics for a longitudinally polarized 

ihoton as projectile, and the lack of t dependence in the vertex 7" + g -» g + V. These 

idvantages allow us to calculate the cross section without free parameters. 

Production of transversely polarized vector mesons by real or virtual photons in the 

louble-diffractive process */T+P -> V+X has been calculated recently within the approx-

mation of the BFKL Pomeron in Ref. 39. The calculation was performed in the triple-

leggeon limit for large t but s » — t. In contrast to reactions initiated by longitudinally 

>olarized photons, this calculation is model dependent; the end-point nonperturbative 

:ontribution to the vertex 7J. + g - • g + V, and therefore, to the whole amplitude, leads 

o a contribution which is not under theoretical control. This problem is related to the 

heoretical discussions of the high Q2 behavior of electromagnetic form factors of hadrons. 

6 Properties of the Electroweak Production of 

Vector Mesons 

Longitudinal vector-meson production is dominated by small interquark distances in the 

vector-meson wave function. Therefore, the factorization theorem can be used to calculate 

the cross section for hard diffractive processes in QCD without model assumptions. For 

M2 <S Q2, all dependence on the quark masses, and thus, on flavor, is only contained 

in the light cone.wave functions of vector mesons and not in the scattering amplitudes. 

This prediction is nontrivial since experimentally, the coherent photoproduction of mesons 

containing strange or charm quarks is strongly suppressed as compared to the SU(4) 

prediction for the ratio of the production cross section for various vector mesons, which is 

p" : u : <j>: J / * = 9 : 1 : 2 : 8 . (23) 

Experimentally, the suppression factor is ss 4 for 0-meson, and w 25 for J /* . Thus, QCD 

predicts a dramatic increase of the <j>fp° and J /* /p° ratios at large Q2. 

Moreover, the experience with constituent quark models suggests an additional en

hancement of heavier flavor production since for the heavy quarkonium states, the prob

ability for q and q to come close together is larger. In fact, Eq. (17), derived in QCD, 

predicts for the ratio of production of mesons Vi and V2 at large Q2 that 

a^l+T-^Vi+T) = MVlTVl^t-t?v,{Q2) 
< r ( 7 2 + r - * V , + r ) q , > u h l U h MV2Tv^t.rfv%{Q2) ' K ) 

Based on the measured values of IV_»e+e- and estimates of r/y from QCD sum rules,40 we 

observe that Eq. (24) predicts a significant enhancement of the <j> and J/^l production 

p" : w : <j>: J / * = 9 : 1 : (2 x 1.0): (8 x 1.5) (25) 

as compared to the SU(4) prediction. This prediction is valid for Q2 » niy only. Pre-

asymptotic effects are important in the large Q2 range. They significantly suppress the 

cross section for production of charmonium states (see above discussion). Thus, the value 



of the J/V/p ratio would be significantly below the value given by Eq. (25) up to very 

large Q2. For example, the suppression factor is ~ 1/2 for Q2 ~ 100 GeV2 (Ref. 18). 

At the same time, it is likely to change very little the predictions for p, w, and 0-meson 

production, since the masses of these hadrons are quite close and their qq components 

should be very similar. 

At very large Q2, the qq wave functions of all mesons converge to a universal asymptotic 

wave function with r]v = 3. In this limit, further enhancement of the heavy resonance 

production is expected 

p": w : (j>: J / * = 9 : 1 : (2 x 1.2): (8 x 3.4) . (26) 

It is important to investigate these ratios separately for the production of longitudinally 

polarized vector mesons where hard physics dominates, and for transversely polarized 

vector mesons where the interplay of soft and hard physics is more important. 

Equation (17) is applicable also for the production of excited vector-meson states with 

masses my satisfying the condition that m2, < Q2. In this limit, it predicts comparable 

production of excited and ground states. There are no estimates of if/ for these states, but 

it is generally believed that for p1, u/, and <j>', it is close to the asymptotic value, and as a 

rough estimate, we will assume that Vv = Vv- Using the information on the decay widths 

from the analysis by Clegg and Donnachie,41 of excited light vector meson properties, we 

find that 

p(1450) p° « 0.45 -

w(1420) w « 0.46, 

,9(1700) p"w0.22± 

w(1600) w « 0.48, 

0(1680) > « 0 . 8 5 , 

* ' J/<2 « 0.5. 

In view of substantial uncertainties in the experimental widths of most of the excited 

states and substantial uncertainties in the values of rjv< and the ratio •#•, these numbers 

can be considered good to about a factor of two. The case of 4' , where Ty is well-known, 

is less ambiguous. In this case, estimates using charmonium models indicate a significant 

suppression as compared to the asymptotic estimate, up to Q2 ~ 20 GeV2 where this 

suppression is ~ 0.5 (Ref. 18). 

In spite of these uncertainties, it is clear that a substantial production of excited 

resonance states,is expected at large Q2 at HERA. A measurement of these reactions 

may help to understand better the dynamics of the diffractive production as well as the 

light-cone minimal Fock state wave functions of the excited states. It would also allow 

us to look for the second missing excited (j> state which is likely to have a mass of about 

1900 MeV, based on the pattern of the p, u>, and J/'i families. 

The relative yield of the excited states induced by virtual photons is expected to be 

higher than for real photons since the Vector Dominance Model (VDM) and Eq. (17) lead 

to 

g(7 + N -> V + JV) aftj + N -» V + N) 
ff(7 + N -> V + N) c<ai + N-^V + N) QJ»Wj„Mj,t=0 

= M^r,2

v,(Q2)alt(V'N) JW£, 
MrrimcUVN) - M V • TO^-dr (28) 

In the last step, we used an empirical observation that for effective cross sections of 

V'N and VN interactions which enter in the VDM model,^ v,°',(

(y'ffi < 1, and that rjy 

•Note that these effective cross sections have no direct relation to the genuine interaction cross sections. 
For example, based on geometrical scaling, one expects the interaction cross section to increase with the 
size of the projectile approximately as R = o-<<,i(*W)/<r(<)i(J/VN) ~ R%,/R^t ~ 4. However, if one 
applies the equations of the VDM for the extraction of the cross sections from photoproduction of J / * 
and 4 ' , one finds R ~ 0.7 ~ iWj / t/iWj,. This trend seems to reflect effects of color screening in the 
production of heavy quarkonium states.'1 2'1 0 Note also that photoproduction data do not resolve p(1430) 
and p(1700). In the case of only photoproduction off nuclei, similar nuclear absorption effects are observed 
for the production of p and p', indicating a(p'N) « a(pN). At the same time, application of the vector-



and rjy> are close to the asymptotic values for light mesons, while for heavy quark systems, 

the values of rfv are close to the static quark value of rjy = 2. 

Another interesting QCD effect is that the ratio of the cross section for the diffractive 

production of excited and ground states of vector mesons should increase with decreasing 

x and Q2. This is because the energy denominator, I wi-r) — m v " ) > r e l e v a n t f° r t n e 

transition V -> qq (with no additional partons) should be large and positive. Thus, 

the heavier the excited state, the larger its Fermi momenta should be. Thus, the gluon 

distributions should enter at larger virtualities in the case of V production. 

Equation (17) is applicable also to vector-meson production in'weak processes. Con-

iider, for example, the diffractive production of D',* = cs meson in W^N scattering. To 

;alculate this cross section, it is sufficient to substitute in Eq. (17) the electromagnetic 

:oupling constant by gcos8c, where 6c is the Cabibbo angle. Some enhancement of the 

W, production is expected due to a larger value of rjo. originating from the asymmetry in 

;he x distribution of the light and heavy quark in D'a. 

To summarize, the investigation of exclusive diffractive processes appears to be the 

nost effective method to measure the minimal Fock qq component of the wave functions 

)f vector mesons and the light-cone wave functions of any small mass hadron system 

laving an angular momentum of one. This would be very helpful in expanding methods 

>f lattice QCD into the domain of high-energy processes. 

lominance model for the process yp-tp'p leads to <r(p'N) « 0.4<r(pN). The observed pattern indicates 
hat production of p' is dominated by average quark-gluon configurations (large absorption cross section), 
rtiile the probability of these transitions is suppressed since the transition n ' - t V emphasizes the role 
f small configurations. 

7 Color Transparency Phenomenon 

7.1 Coherent Production of Vector Mesons off Nuclei at 

Small t 

The QCD analysis described in Sec. 4 confirms the conjecture of Refs. 10 and 43 that 

at large Q2, vector mesons are produced in small transverse size configurations (at least 

for the longitudinally polarized photons), and hence, the color transparency phenomenon 

(CT) is expected. In the case of coherent vector-meson production off nuclear targets, 

the QCD prediction, in the form of Eq. (17), absorbs all the dependence on the atomic 

number in the gluon and sea quark distributions of the target. But it is well-known that 

the evolution of parton distributions with Q2 moves the effect of nuclear shadowing to 

smaller x. Thus, at small but fixed x and sufficiently large Q 2 , the cross section for hard 

diffractive processes is expected to fulfill the following relation: 

_ . 2 ^aT+N-*X+N 

,=0 * 
(29) 

(=0 dt 

This is the so-called color transparency phenomenon which leads to the validity of the im

pulse approximation—the nucleus is transparent for the projectile and there are no final-

state interactions. The onset of CT should occur at moderate Q2 since gluon shadowing 

disappears quickly with increasing Q2 at fixed x (Ref. 44). If the size of the configura

tion is fixed (at large but fixed Q2) but the energy of the collision increases, shadowing 

effects should become more and more important since the gluon shadowing increases with 

decreasing x (Ref. 10) (see Fig. 3). Moreover, the analysis of the unitarity constraints 

in Sec. 11 demonstrates that in the scattering off, heavy nuclei screening effects should 

lead to very substantial suppression of the coherent vector-meson production cross sec

tion, a7'+*~x+A

 ) for x ~ 10" 4 and Q2 ~ 10 GeV2, as compared to the expectation of 

Eq. (29). We shall explain in the next section that a similar CT behavior is expected for 

the production of transversely polarized vector mesons but at significantly larger Q2 than 

for the longitudinally polarized vector mesons. 
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Figure 3: The ratios Rs = SA/SN, RG = GA/GN, and Rv = Va/Vjv of sea, gluon, and 

valence, distributions for A = 40 (denoted by A) and A = 2 (denoted by N) and (left) 

their logarithmic derivatives, dRs{v)(x,Q2)/d(\nQ2), as a function of a: for Q2 = 4 GeV2 

(full line), Q2 = 25 GeV2 (dashed line), and Q2 = 100 GeV2 (dotted line). 

In contrast to the formula derived in QCD [Eq. (17)], the two-gluon exchange con

stituent quark model2 2 predicts no increase of the cross section at small x. Quark models 

and the Glauber approximation (used in particular in [Ref. 45]) are in variance with the 

factorization theorem in QCD even if formula (8) obtained in Refs. 16 and 17 is used for 

the nucleon target since they predict the disappearance of shadowing at fixed Q2 when x 
decreases. 

As explained above, the preliminary HERA data indicate that PQCD predictions 

contained in formula (17) are applicable already for Q2 ~ 10 GeV2. Obviously, this is an 

implicit confirmation of the color transparency logic since it confirms both the presence 

of small transverse configurations in the p meson and the smallness of their interactions 

with hadrons. It would be important to investigate further these effects more directly at 

ultra-high energies. To this end, we consider briefly the scattering off the lightest nuclei.46 

Note that there are discussions to accelerate deuterons at HERA and to polarize them in 

order to measure the parton distributions in the neutron. 

7.2 Color Transparency Effects in H + D(A) -> VL + D(A) 

The very existence of the color-coherence effects leads to a rather nontrivial dependence 

of the cross sections of hard diffractive processes on x and Q2. To elucidate this point, we 

consider in this section diffractive electroproduction of vector mesons off the deuteron. 

First, let us consider the leading-twist effect. It follows from Eq. (29) that at t = 0, 

the amplitude of this process is proportional to the parton density in the deuteron. The 

nuclear effect in the leading twist depend on x and Q2 in a rather complicated way. At 

a; ~ 0.1 and Q2 ~ few GeV2, the kinematics of the HERMES facility, the gluon density 

in nuclei is significantly enhanced: ^Q^lfnL > !• This effect follows from the need to 

reconcile the momentum and baryon sum rules with the £ (*'oi) data. 4 4 The dynamical 

mechanism relevant for the gluon enhancement is not understood so far. One example 

of the Feynman diagrams which may lead to such an enhancement is the propagation 

of color states in nuclei and their mixing with multinucleon states via gluon exchanges. 



nee the gluon exchange amplitude is real, the contribution of such diagrams corresponds 

< enhancement of the gluon field, not the shadowing. Legitimate calculations of such a 

echanism are absent at present. 

Consequently, QCD predicts an enhancement but no shadowing for the electroproduc-

Dn of vector mesons at t = 0 off the deuteron at x ~ 0.1. This effect should die out 

ther rapidly with the increase of Q2 due to the QCD evolution of parton distributions 

ith Q2 (cf. Fig. 3 for the Q2 dependence of parton distributions). 

At sufficiently small x < 10~2, the shadowing of the gluon distribution dominates. We 

ill restrict the discussion to the region of sufficiently large x > 10~4 where the interaction 

oss section for a small qq state with a nucleon, <Ttfn(b2,x), which is given by Eq. (8), is 

lall compared to the unitarity limit, and therefore, QCD evolution equations seem to be 

iplicable. In this kinematics, one expects a fast decrease of shadowing with an increase 

Q2. 
Obviously, at t « tm{„ shadowing effects are small since internucleon distances in the 

uteron are comparatively large. To enhance these effects, it would be advantageous to 

udy experimentally the coherent electroproduction of vector mesons at \t\ > 0.5 GeV2 

lere an interesting diffraction pattern with a secondary maximum was observed a long 

ne ago for photoproduction of the p-meson. This pattern at Q2 = 0 arises within the 

ctor-dominance model as a result of the vector-meson rescatterings. At large Q2, QCD 

edicts more complicated behavior. 

Let us consider first the rescatterings of the produced qq pair of small size 6. The 

ittering amplitude is given by the sum of two terms, one given by the impulse approxi-

ition, and the other due to double scattering:!' 

nee the relevant values of 6 are small, we neglect, in the first approximation, effects of the leading-twist 
:lear shadowing induced by the space-time evolution of the g$ pair leading to the formation of large 
.tial size quartgluon configurations. 

daL{rt' + D -> V + D) 
= I5F1/ [ 2 5 » W/r*ff-»iw(*. *2- r')+ dt 

j jjja fiiN-*vN(x,b, Q2,r,/2 - *>)/«»(*,6,r,/2 + k,)SD(4k2) 

r/>r (z, 6, Q2)Mz> b)dzdPkt] cPbf , (30) 

where t = ~rf, 5/>(<) is the deuteron form factor, and /,j,w(a;, 6, n/2+kt) is the amplitude 

for the elastic rescattering of the qq pair. For simplicity, we ignore here the spin indices. 

For the interaction of a small transverse size qq configuration, small values of the impact 

parameters 6, dominate in Eq. (30). Hence the CT prediction of formula (8) is that at 

small but fixed x with increasing Q2, the relative contribution of the second term should 

be proportional to 4JXGN(X, Q2). Since at — t > —to ~ 0.5 GeV2 the elastic cross section 

is dominated by the square of the second term, this mechanism leads to a cross section 

which is extremely sensitive to the CT effects in this region. In particular, the ratio 

foTi+D-iV+D 

dt I dt7ll+D-*V+D 

•t>-t0

 d t \-t=0 at-M > ) ) / 1 \ expBt 
4?r 

Q 
x2Gl(x,Q2)expBt 

« 04 ' W 

where 

should strongly decrease with increasing Q2, and flatten for sufficiently large Q2 to a 

leading-twist behavior, due to the space-time evolution of the qq configurations. On the 

contrary, at fixed Q2 this ratio should increase with decreasing a;. Here B = B7.jv/2 with 

BYN denoting the slope of the differential cross section for the elementary i'+N - • V+N 

reaction and (^\ = /d 3 r r~ 2 ^ 2 , ( r ) . The large t (—t > 0.5 GeV2) dependence of the cross 

section in Eq. (31), ^ oc exp(B't) with B' ~ 2 GeV - 2 , is significantly weaker than in the 

Glauber model, where B' is expected to be 

B > = B r N B ^ „3GeV-2 ( 3 3 ) 

•O-y'W + B-/N 



We neglected here the deuteron quadrupole form factor effects. They lead to a contribution 

to the cross section which does not interfere with the electric transition and for which 

Glauber effects are small. This contribution fills the minimum due to the interference of 

the impulse and double-scattering terms.4 7 However, this contribution to the cross section 

can be significantly suppressed by using a polarized deuteron target. Similar effects should 

be present for the scattering off heavier nuclei like 3He and *He. The measurement of 

the depth of the Glauber minimum, due to the interference of the amplitude given by 

the impulse approximation with rescattering amplitudes, would allow us to check another 

feature of expression (17), namely, the large value of the real part of the production 

amplitude Ref/Imf ~ nn/2 ~ 0.5, where n characterizes the rate of increase of the 

gluon density at small x, xG#(x, Q2) oc x~n. In this discussion, we neglected the leading-

twist mechanism of double rescattering, related to the leading-twist nuclear shadowing. 

It is likely to have a similar t dependence as the term considered previously. It may 

compete with the mechanism we discussed above in a certain x and Q2 range. This 

question requires further studies. In any case, it is clear that in a wide kinematic range, 

the relative height of the secondary maximum would be strongly suppressed as compared 

to the case of vector meson production by real photons. At very small x for Q2 where 

fftfN is close to the unitarity bound, this suppression may disappear. This would establish 

the x and Q 2 range wherecolor transparency should disappear. 

Recent FNAL data on incoherent diffractive electroproduction of vector mesons off nu

clear targets4 8 did find an increase of nuclear transparency with increasing Q2 as predicted 

in Refs. 10, 43, and 45. However, in this experiment, the increase of Q2 is correlated with 

the increase of the average x, and a significant effect is reported for a Q2 range where 

(x) corresponds to average longitudinal distances which are comparable with the nuclear 

radius lc = 2 m ' ~ RA. It is well-known that at large x, shadowing disappears for hard 

processes. Thus, it is necessary to investigate theoretically to what extent the observed 

increase of transparency is explained by the effects of finite longitudinal distances. The 

ideas discussed in this report do not apply directly to color transparency phenomena at 

moderate energies. For a recent review of this field, we refer the interested reader to Ref. 1. 

8 Electroproduction of Photons 

The diffractive process 7" + p -> 7 +p offers another interesting possibility to investigate 

the interplay between soft and hard physics, and to measure the gluon distribution in 

the proton. We shall consider the forward scattering in which case only the transverse 

polarization of the projectile photon contributes to the cross section. This follows from 

helicity conservation. In this process, in contrast to reactions initiated by longitudinally 

polarized highly virtual photons, soft (nonperturbative) QCD physics is not suppressed. 

As a result, theoretical predictions are more limited. Within QCD, one can calculate 

unambiguously only the derivative of the amplitude with respect to In % but not the 

amplitude itself. However, for sufficiently small x and large Q2, when a,{Ql) In ^r In x is 

large, PQCD predicts the asymptotic behavior of the whole amplitude. 

It is convenient to decompose the forward scattering amplitude for the process 7*+p -+ 

7+p into invariant structure functions in a way similar to the case of deep inelastic electron-

nucleon scattering. Introducing the invariant structure function H(x, Q2), an analogue of 

Fi(x, Q2) familiar from deep inelastic electron scattering off a proton, we have 

It 
When Q2 is sufficiently large, QCD allows us to calculate the Q2 evolution of the 

amplitude in terms of the parton distributions in the target. As in the case of deep 

inelastic processes, it is convenient to decompose H(x,Q2) in terms of photon scattering 

off quark flavors of type i 

H(x,Q*) = Zelhi(x,Q2), (35) 
where the sum runs over the different flavors i with electric charge e,-. It is easy to deduce 

the differential equation for /t,-, the analogue of the evolution equation for the parton 

_ , H(x,Q2)2 

= ™cm -j . (34) 
1=0 s 



distributions: 

<f/»,(s,Q2) _a.(Q2) fdz\n m . , ^ 
"dhTQ5 27" J - l F « UJ Gp(2'Q >+ 

Pn (f) «<*, <?*)] [l + f (l - f)] + < « . (36) 

Here, P w and P w are the splitting functions of the GLDAP evolution equation.34 The 

factor 1 + f ( l — f) takes into account the difference of the virtualities of the initial and 

final photon. The solution of this equation is 

/»,(*.Q2) = M*.Ql) + ^ ^ / dinQ\/ f 

[P„ ( j ) GP(z, Q\) + P M g ) «(*, Of)] [l + f ( l - j ) ] + Otf) . (37) 

Usually it is assumed that the soft components of the parton distributions increase at 

small x more slowly than the hard ones. If this is the case, at sufficiently small x, in the 

leading a, lnx approximation, the first term in Eq. (37) can be neglected. As a result, one 

can obtain the asymptotic formula for the whole H{x, Q2) and not only for its derivative. 

Similar to the case of electroproduction of photons, it is not difficult to generalize 

the Q2 evolution equation to the amplitude for the diffractive production of transversely 

polarized vector mesons. One of the consequences of this evolution equation is that, at 

asymptotically large Q2 and small x, the production cross section has the same dependence 

on the atomic number of a target as in the case of longitudinally polarized vector mesons. 

9 Coherent Pomeron 

It is interesting to consider high-energy hard processes in the diffractive regime, with the 

requirement that there is a large rapidity gap between the diffractive system containing 

the high pt jets and the target, which can remain either in the ground state or convert 

to a system of hadrons. In PQCD, such a process can be described as an exchange of a 

hard gluon accompanied by a system of extra gluons which together form a color-neutral 

state. It was predicted37 that such processes should occur in the leading twist. (Note 

that in Ref. 61, it was stated that this process should be rather a higher twist effect. This 

statement was due to some specific assumptions about the properties of the triple-Pomeron 

vertex.) 

The simplest example is the production of high pt jets in the triple-Reggeon limit, in 

a process like 

h + p->jeti+jet2 + X + p, (38) 

where the final state proton carries practically the whole momentum of the initial proton. 

The initial particle can be any particle including a virtual photon. To probe the new PQCD 

hard physics, the idea 3 7 is to select a final proton with a large transverse momentum kt. 

One can demonstrate that this selection tends to compress initial and final protons in small 

configurations at the moment of collision. In this case, the use of the PQCD two-gluon 

exchange or two-gluon ladder diagrams becomes legitimate. A nontrivial property of these 

processes is a strong asymmetry between the fractions of the target momentum carried 

by the two gluons (the contribution of the symmetric configurations is a higher twist 

effect with the scale determined by the invariant mass of the produced two jets 4 9). Thus, 

one expects gluon bremsstrahlung to play a certain role.5 0 However, since the proton 

is in a configuration of a size ~ j - , this radiation is suppressed by the small coupling 

constant ~ a,(fc?)ln(p-). When kt tends to 0, this radiation may suppress significantly 

the probability of occurrence of events with large rapidity gaps. 

The prediction is that such a process appears as a leading-twist effect37 

£~A- (39) 
dpi P 4 

This prediction is in apparent contradiction with a naive application of the factorization 

theorem in QCD, which states that the sum of the diagrams with such soft gluon exchanges 

cancels in the inclusive cross section. However, in reaction (38), we selected a certain final 



state with a white nucleon; hence, the usual proof of the factorization theorem does not 

hold anymore—there is no cancellation between absorption and radiation of soft gluons.49 

This conclusion was checked in a simple QED model with scalar quarks.51 

It was suggested by Ingelman and Schlein52 to consider scattering off the Pomeron as if 

the Pomeron were an ordinary particle, and to define parton distributions in the effective 

Pomeron. In this language, the mechanism of hard interaction in the diffraction discussed 

above would contribute to the parton distribution in the Pomeron a term proportional to 

6(1 ~x) or (rb) • (40) 

This term corresponds to an interaction in which the Pomeron acts as a whole. Hence, the 

term "coherent Pomeron." In this kinematical configuration, the two jets carry practically 

all the longitudinal momentum of the Pomeron. The extra gluon bremsstrahlung discussed 

previously renders the x dependence somewhat less singular at x -4 1, but the peak should 

be concentrated at large x (Refs. 49 and 50). There are no other known mechanisms 

generating a peak at large x. The recent UA(8) data 5 3 on the reaction p + p -+ jet\ + 

je<2 + X+p, with the proton transverse momentum in the range 2 GeV2 > fc2 > 1 GeV2, 

seem to indicate that a significant fraction of the two-jet events corresponds to the x ~ 1 

kinematics. It is thus possible that the coherent Pomeron contributes significantly to the 

observed cross section.** ._ . . . . 

The prediction is that the contribution of the coherent Pomeron to diffractive electro-

production of dijets at p2 » Q2 should be suppressed by an additional power of Q2 

dpi plW 
as compared to 

foY+p-iVcls+X I 
dpi pi 

for other hard processes originating from the hard structure of the virtual photon. 
"The coherent production of high pt jets by a real photon has been first discussed by Donnachie and 
LandshofF M and then rediscussed in (Ref. 55). This process, discussed in the next section, gives a 
negligible contribution in the kinematic regime characteristic for the coherent Pomeron. 
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The complicated nature of the effective Pomeron should manifest itself in several ways 

in hard diffraction:37,49 

(i) There should be a significant suppression of the coherent Pomeron mechanism at 

small t due to screening (absorptive) effects, since at small t the nucleon interacts in 

an average configuration. This suppression should be larger for pp scattering than 

for 7p scattering, since absorptive corrections increase with the increase of the total 

cross section (for the 7p interaction, the VDM effective total cross section at HERA 

energies is < 30 mb). 

(ii) Due to the contribution of soft physics, the effective Pomeron structure function 

as determined from the low t diffractive processes should be softer than for large t 

diffraction. 

Therefore, it would be very important to compare hard diffractive processes induced by 

different projectiles, and to look for deviations from the predictions based on the simplest 

assumption that the Pomeron has a universal parton distribution.26 

10 Forward Electroproduction of Jets 

Forward diffractive photo- and electroproduction of high p, jets off a nucleon target (in 

the photon fragmentation region), 7* + N -> jetj + jet% + N, is another promising process 

to investigate the interplay of soft and hard physics. We shall confine our discussion to 

the kinematical region 

12 J. M2\2 , 

where 

d&«-L-(*£&)' m<lt ( 4 1 ) 

M " 2(1-2) W 
is the square of the invariant mass of the produced qq system, m, is the mass of quarks, 

and 2 is the fraction of photon momentum carried by the q or q. In this regime, the 



coherence of the produced hadron states allows us to express the amplitude through the 

gluon distribution in the target. 

An interesting effect occurs in the photoproduction of high p, jets. The contribution of 

a single Feynman diagram, with the two-gluon exchange in the t channel, contains terms 

R\ ~ J'+li-i a n ( * R2 w Sr- Here, m is the mass of a bare quark, and M can be calculated 

through m in PQCD but, in general, it accounts for the nonperturbative physics. We 

omit constants and a matrices in this dimensional estimate and restrict ourselves to the 

contribution of large p< only. A cancellation occurs when the sum of diagrams is considered. 

It accounts for the fact that the sum of diagrams describes the scattering of a colorless 

dipole. 

Naively, we should expect that after cancellation, the Ri term should become 

#1 « frJ+M*F- B u t m reality, it becomes Rt « (ffi&fr « jf- The R2 term after 

cancellation in the sum of diagrams becomes R2 ~ p. Thus, the cross section of forward 

photoproduction of the qq pair dajdtdpf contains terms s^, 5 5 T J , and ̂ T 2 . 

Since the mass of the light quark is small, it is reasonable to put it at zero. It is 

not legitimate to put M = 0. So the expected asymptotical behavior is *£. Thus, 

photoproduction of charm should dominate hard difFractive photoproduction processes 

forp, >mc (Ref. 55). 

Photoproduction of high p, jets, originating from the fragmentation of light flavors, is 

predominantly due to next-to-leading-order processes in a,. 
The diffractive electroproduction of dijets seems to be the dominant process in the 

region of M^ < Q2, while in the region A/ 2

? » Q2, exclusive dijet production is one of 

many competing processes contributing to the diffractive sector, like radiation of gluons 

From quark and gluon lines. 

In the approximation when only leading a, In x terms are kept, the off-mass shell effects 

in the amplitude for the qq interaction with a target are unimportant. Therefore, the total 

:ross section of diffractive electroproduction of jets by longitudinally polarized photons 

:an be calculated by applying the optical theorem for the elastic qq scattering off a nucleon 

target, and Eq. (8) for the total cross section of qq scattering off a nucleon: 

o{ii + N-* jeti + jet2 + N) = ^ J L | ^ ; ( , f 6) • (*(*))»&*&. (43) 

Here, B is the slope of the two-gluon form factor discussed in Sec. 4, and i>-,'L{z, &) is the 

wave function of the longitudinally polarized photon. Essentially the same equation is 

valid for the production by transversely polarized virtual photons of two jets which share 

equally the momentum of the projectile photon. 

In Ref. 56, it has been assumed that diffractive production of jets off a proton is a hard 

process at each stage. The formula obtained under this assumption resembles Eq. (43), 

with leading a, In -r?— In \ and with the PQCD part of the gluon distribution in a target. 
nQCD 

In view of the nontrivial interplay of soft and hard physics of large longitudinal distances, 

this approach is questionable in QCD if x is not extremely small. It is most easily seen 

when one considers the effect of nuclear shadowing in diffractive electroproduction of 

jets. If the assumption that hard PQCD dominates at each stage of the interaction were 

correct, nuclear shadowing should be numerically small and suppressed by a power of Q2. 

The discussion in Sec. 6 indicates that, on the contrary, in QCD at sufficiently small x 

and fixed Q2, nuclear shadowing is expected to be substantial and universal for all hard 

processes. This conclusion is supported by current data on nuclear shadowing in deep 

inelastic processes. 

Dijet production has been also considered in the constituent quark model of the pro

ton. 2 3 ' 2 4 In this approach, the cross section for diffraction is expressed through a convolu

tion of the quark distribution in the virtual photon, the distribution of constituent quarks 

in the proton, and their interaction cross section. A later generalization of this model24 

includes the gluon field of constituent quarks. In QCD though, hard processes have to be 

expressed in terms of bare partons and not constituent ones. This is due to the use of 

completeness of the intermediate hadronic states in hard processes. 

Equation (43) implies that in this higher twist effect, the contribution of large 6, that 

is, of the nonperturbative QCD, is enhanced as compared to the large b contribution to 

the total cross section. This result has been anticipated in the pre-QCD times 7 3 and has 



been confirmed in QCD. 1 0 A similar conclusion has been reached in the constituent quark 

model24 approach, even though it ignores the increase of parton distributions at small 

6 characteristic for QCD (see discussion in Sec. 11). In QCD, the hard contribution is 

expected to become dominant only at rather small a; and large Q2. A similar conclusion has 

been reached for the cross section of diffractive processes, calculated in the approximation 

of the BFKL Pomeron,57 and in the triple-Reggeon region, where the mass of the produced 

hadronic system is sufficiently large, M2 » Q2. 

Note that PQCD diagrams which were found to dominate in the large mass diffraction57 

are different from those expected from the naive application of the BFKL Pomeron 2 4 , 5 6 

and lead to different formulae. 

To calculate this process within the more conventional leading a, In Q2 approximation, 

it is necessary to realize that in the kinematical region where Af2

? ~ Q2, the fractions of 

nucleon momentum carried by the exchanged gluons are strongly different, Shard — 2i but 

xsott < x. This is qualitatively different from the case of the vector-meson production 

considered in Sec. 4, in which the two values of x of the gluons were comparable. This 

is because, in the case of dijet production, the masses of the intermediate states are 

approximately equal to the mass of the final state. As a result of the asymmetry of the 

two x values, the overlap integral between the parton wave functions of the initial and 

final protons cannot be expressed directly through the gluon distribution in the target. 

However, at sufficiently small x and large Q2, when the parameter ^ lna i ln j r ~ l t 

electroproduction of high p< dijets can be expressed through the gluon distribution in a 

target but in a more complex way. In this particular case, the factorization theorem can 

be applied after the first two hard rungs are attached to the photon line, which have to be 

calculated exactly. The lower part of the diagram can then be expressed through the gluon 

distribution in the target since the asymmetry between the gluons becomes unimportant 

in the softer blob. The proof is the same as for vector-meson electroproduction." The 

are indebted to A. Mueller for the discussion of this problem. 

cross section is proportional to 

dt 
^ ^ oc \Ar+S9^ctl+ieh\2 \xGN(x, Q2)f « ( * g y 2 ) ) , ( 4 4 ) 

where x is the average x of the gluons in the 7" + gg -> jet\ + jet2 amplitude, x » x, 
and AY+ss-*jcti+jth >s t n e hard scattering amplitude (which includes two hard rungs) 

calculated in PQCD. 

One of the nontrivial predictions of QCD is that the decomposition of the cross section 

for a longitudinally polarized photon in powers of Q2 becomes inefficient at small x. This is 

because additional powers of 1/Q2 are compensated to a large extent by the increase with 

Q2 of [xG(x, Q2)f ~ &• [see Fig. 4, and Eqs. (43) and (44)]. Thus, the prediction of QCD 

is that electroproduction of hadron states with M% <3C Q2 by longitudinally polarized 

photons, formally a higher twist effect, should in practice depend on Q2 rather mildly. 

The contribution of such higher twist effects to the total cross section for diffractive 

processes may be considerable, as high as 30-40%. One of the observed channels, the 

electroproduction of p mesons, constitutes probably up to 10% of the total cross section 

for diffractive processes. So far, a detailed quantitative analysis of this important issue 

is missing. On the experimental side, it would be extremely important to separate the 

longitudinal and transverse contributions to diffraction. 

11 Limiting Behavior of Cross Sections for Hard 

Processes 

Both the GLDAP QCD evolution equation34 and the BFKL equation58 predict a significant 

increase of parton distributions at large Q2 and small a;. This expectation is consistent with 

the fast increase of parton densities with decreasing x observed at HERA. The question 

then arises, whether the increase of parton distributions with increasing Q2 and - will 

stop or will continue forever. The evident lack of an elastic unitarity condition for the 

electromagnetic amplitude precludes the use of theoretical approaches which lead to the 



10 D i r 

*. 10 

10" r 

10 

10 ' r 

10 

! — I -1 1 1 1 l l l l i i 11 n i l i i i 11 ni l i i I 11 ni l i —r rrriii 
5 ^—^ CTEQ3L -j 
4 i- 1 
3 r 

II M
il 

2 r Q 2 = 10 GeV2 

M
tJ

 
II 

• i. j - i .mi l , I I I Mil l I I I m i l l l l l l m i l I 1 1 1 l l l l 

10 - 7 10 .-6 10 - 5 10 10 
x 

- 3 

rigure 4: The square of the xG(x, Q2) distribution as a function of Q2 for a fixed x = lO - 4 , 
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Froissart limit for the on-mass-shell amplitude. (The elastic contribution to the unitarity 

condition is suppressed by a power of the electromagnetic coupling constant.) At the same 

time, it is well-known that the PQCD calculation of the two-body scattering amplitude via 

the sum of the leading-logarithm terms, conflicts with s-channel unitarity at sufficiently 

large energies—i.e., there is a violation of the Froissart bound. How to restore unitarity 

still remains an open question. Thus, the leading-logarithm approximation is expected to 

be applicable only in a restricted kinematical region. 

Our aim here is to estimate the kinematical region of applicability of the leading-

logarithm approximation from the requirement of self-consistency of QCD calculations of 

the hard diffractive processes discussed in Sees. 4-9. We will also consider the unitarity 

condition for the scattering of colorless wave packets to deduce restrictions on the limiting 

behavior of cross sections for deep inelastic processes. The idea is rather simple. In QCD, 

within the leading a,lnQ2 and/or a. Ins approximation, ajffr* + P) should increase at 

small x, like xGp(x, Q2). At the same time, the cross sections for diffractive electropro-

duction of states with M% « Q2, <TL(I' + P -> X + p) is proportional to [xGp(x, Q2)]2 as 

discussed in Sec. 4. Thus, the requirement that a'L

0'(f' + p) » 01,(1' + p ->X + p) will 

lead to a restriction on the region of applicability of the leading-logarithm formulae. We 

do not have as yet measurements of the total cross section for longitudinal virtual photons, 

but we can estimate the range of x for which the contribution from small mass diffrac

tive production will be comparable in size to the contribution expected from the QCD 

evolution equation. For convenience, we will introduce the ratio RL defined as follows: 

<rL{~t'+P-* X + P) 
L~ 0?(T+P) ' 

Requiring RL < 1 and assuming that for Q2 = 10 GeV2, 

ofil" + P) < 0-5<#'(7* + P). (45) 

the inconsistency of the leading as Ins approximation and the evolution equation should 

occur at x < 10" 6. In practice, one should require a more severe limit on RL, since the 

diffraction cross section is always a small part of the total cross section, especially in the 

http://j-i.mil


limit of black interactions. Let us take for illustration Rt, = 0.2 as the limit. In this case, 

the slowing down of structure-function increase should occur for x ~ < 10~ 4 - 3. 

There is a certain similarity between these estimates and the estimates exploring the 

increase with ; of shadowing corrections to the QCD evolution equation which were calcu

lated within the BFKL approximation. In Ref. 59, shadowing corrections were estimated 

within the constituent quark model with the radius of the constituent quark equal to 

^g GeV"1. In QCD, the value of shadowing corrections calculated in Ref. 60 by iterating 

the hard amplitude depends strongly on the fitting parameter—the correlation radius of 

gluons in an average configuration in the wave function of a hadron. Theoretical calcula

tions made in Ref. 60 found that for realistic parameters, corresponding to a correlation 

radius comparable to the radius of a hadron, the value of hard shadowing corrections to 

parton distributions is negligible in the kinematical range of HERA. (For recent numerical 

calculations, see Refs. 62 and 65). The major difference between our estimate and the one 

implied by shadowing corrections is that we consider cross sections of coherent diffractive 

dissociation into small masses which includes the nonperturbative QCD effects in a dif

ferent and rather reliable way. The derivation of the region of applicability of the leading 

a. lnx approximation, and/or evolution equation for the cross section of longitudinally 

polarized photons, is based on equations which use experimentally measurable quantities. 

An estimate of where the consistency of QCD expectations fails can also be obtained 

from the consideration of the ratio of cross sections for the diffractive production of small 

masses and for the inclusive diffractive production <T.D(7* + p), 

R _gj,(7'+P->-y+p) 
D M 7 * + P ) 

The ratio RD should be smaller than one. From the discussion presented in this lecture, 

we expect 
[xGp(x,Q2)]2 

RD0CQ<F2P(X,Q>)-

Assuming that RD = 0.1 at Q2 = 10 GeV2 and x = 10 - 3 , and using the new CTEQ3L 

parametrization,63 we obtain RD = 1 for x ~ 1 0 - 5 - S (see Fig. 5). 
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Figure 5: The ratio RD ~ ^ j j f f l ' normalized to be 0.1 at x = 10" 3 at Q 2 = 10 GeV2 for 

two different parametrizations of parton distributions and obtained assuming xG(x, Q2) ~ 

x" as indicated in the figure. 
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If one were to use the BFKL prediction for the rise of gluons (with an intercept of 

;he BFKL Pomeron of 1.7 at Q 2 = 10 GeV2 t t ) , which is faster than that of the CTEQ 

jarametrization, the result would be that Rp = 1 at ar = 10~ 4 - 4. 

The value Ro = 1 used to deduce this restriction is unrealistically large, since p meson 

>roduction is one of many possible channels for the fragmentation of a qq pair. We thus 

:xpect that the fast increase of the cross section for hard diffractive processes should stop 

it much larger x. Assuming a plausible value for RD, RD — 0.4, the slow down should 

>ccur around a; ~ 1 0 - 4 or even earlier. Note that in QCD, the cross sections for hard 

liffractive production of states X with Mx <S Q2 should have the same x dependence, 

independent of Mx-

It is also interesting to note that we overestimate the value of 1/a; since we ignore other 

igher twist diffractive processes which decrease slower with Q2 (cf. discussion in Sec. 10). 

!"he contribution of hard diffraction dissociation into large masses M2 (Q2 < M2) has also 

een ignored in the above analysis. Hard diffraction dissociation into large masses has 

een recently estimated in PQCD in Ref. 57 in the triple-Pomeron limit. Including this 

;rm would lead to a more stringent restriction on the region of applicability of the QCD 

solution equation, and/or leading a . In a: approximation. Thus, our conclusion is that 

iolation of leading logarithm approximations is expected in a range of x which is in the 

:ach of accelerators such as HERA or LHC. 

We shall now deduce a more stringent restriction on the increase of parton distributions 

ised on the interaction picture in the laboratory frame. We consider here the scattering of 

small object, a qq pair, from a large object, a nucleon. If only hard physics was relevant 

r the increase of parton distributions at small x, the radius of a nucleon should not 

crease (small Gribov diffusion). Under this assumption, the unitarity limit corresponds 

a black nucleon. In this case, the inelastic cross section cannot exceed the geometrical 

[n the expression for the intercept of the singularity corresponding to the BFKL Pomeron, 
= 1 + laaJaa, w e chose a.(Q* = 10 GeV*) = 0.25, which leads to n(Q* = 10 GeV2) = 1.7. 

size of the nucleon 
a(qqN) = jb2a,(l/b2)xGN(x,b2) < *r2

N . (46) 

To find the value of rjv in Eq. (46), we use the optical theorem to calculate the elastic 

cross section for a qq pair scattering off a nucleon, 

' - ! & • ( 4 7 ) 

where B is the slope of the elastic amplitude (cf. discussion in Sec. 4). To deduce 

the inequality (46), we assume that the interaction of a gg pair with a target is black, 

and therefore, the elastic cross section is equal to the inelastic cross section a a < Oine\. 

Based on this, we find r% ~ 4B ci 16 GeV - 2 c± (0.8 fm)2 is the radius of a nucleon. It 

follows from the above equations that practically the same estimate is obtained from the 

assumption that - ^ ~ (0.3-0.5). 

According to our estimate (in Sees. 4 and 5) for Q2 = 10 GeV2, b = 0.3 fm at least for 

higher twist effects. If we then determine at which x the geometrical cross section is satu

rated, we obtain for 6 = 0.3 fm and a,(Q2 = 10 GeV2) = 0.3, xGp(x,Q2 = 10 GeV2) < 43. 

If, for illustration, we use a parametrization xGp(x, Q2) = (4/3)x" 0 , 3 6 which is consistent 

with the current data, we find that x > 6.0 X 10~5. Similar consideration for the case of 

scattering off nuclei leads to 

±xGA(x,Q2 = WG*V2)< J j . (48) 

Restriction (48) has obvious practical implications for nucleus-nucleus collisions at LHC 

energies. In particular, it strongly affects theoretical predictions of the cross section of 

the minijet and heavy quark production, say, for Q2 = 10 GeV2 and x < 10 - 3 . 

The use of the amplitude for qq pair scattering off a nucleon to deduce the limit allows 

us to account accurately for nonperturbative QCD effects through the unitarity condition 

for such an amplitude. On the other hand, if the increase of parton distributions is related 

to soft physics as well, then the cross section may be allowed to increase up to smaller x 

values. 



The black disc limit for (77*jv has been discussed earlier (for a review and references, 

see Refs. 62 and 64). The difference compared to previous attempts is that we deduce the 

QCD formulae for the cross section of a qq pair scattering off a hadron target. For this 

cross section, the geometrical limit including numerical coefficients follows unambiguously 

from unitarity of the S-matrix, that is, the geometry of the collision. As a result, we obtain 

an inequality which contains no free parameters. Recently, a quantitative estimate of the 

saturation limit was obtained66 by considering the GLR model 5 9 ' 6 0 of nonlinear effects in 

the parton evolution and requiring that the nonlinear term should be smaller than the 

linear term. The constraint obtained for xGp(x, Q2) is numerically much less restrictive 

than our result. An even more stringent restriction for the interaction of a colorless gluon 

pair off a nucleon follows from the requirement that the inelastic cross section for the 

scattering of a small-size gluon pair should not exceed the elastic one, i.e., 

v(99N) = ^-b2a.(l/b2)xGN(x, b2) < *r2

N . (49) 

For 6 = 0.25 fm, the geometrical limit is achieved for x ~ 10~3. 

We want to point out that the black disc limit implies a restriction on the limiting 

behavior of the cross sections for hard processes but does not allow us to calculate it. The 

dynamical mechanism responsible for slowing down of the increase of parton distributions 

so that they satisfy Eqs. (46) and (49) is not clear. In particular, the triple-Pomeron -

mechanism for shadowing suggested in Ref. 59 does not lead to large effects at HERA 

energies especially if one assumes a homogeneous transverse density of gluons. 0 4 ' 6 5 

The theoretical analysis performed in this section does not allow us to deduce restric

tions on the limiting behavior of parton distributions in a hadron. Beyond the evolution 

equation approximation and/or leading a, Ins approximation, the restriction on the cross 

sections of deep inelastic processes cannot be simply expressed in terms of parton distri

butions in a hadron target. 

We want to draw attention to the fact that nonperturbative QCD effects play an 

important role in the contribution of higher twist effects to OL{I"P). This is evident from 

the impact parameter representation of the contribution to ffi(7* +p) of n consecutive 

rescatterings of small transverse size qq pairs. This contribution is proportional to 

Q* J'\ryt.{z,b2)\2dzdPb [a.(l/b2)b2xG(x,b)]n . 

The inspection of this integral shows that for large n > 3, the value of 6 which dominates 

under the integral does not decrease with increasing Q2 for x ~ 10~3 to 10~4. We use 

as an estimate XGN(X,Q2) OC <JQ which follows from the evolution equation for small x. 

(This QCD effect is absent in the applications24 of the constituent quark model). Thus, 

if higher-twist effects were really important in small x physics, it would imply that the 

small x physics is the outcome of an interplay of hard (small b) and soft (large 6) QCD. 

To illustrate this point, let us consider the cross section of diffractive electroproduction of 

hadrons with masses M2 ~ Q2 by transversely polarized photons. Applying the same ideas 

as in the case of longitudinally polarized photons, we would obtain a similar expression 

as given by Eq. 43. The important difference is that the wave function of a transversely 

polarized photon is singular for z -> 0 or 1. As a result, the contribution of large impact 

parameters b in the wave function of the photon should give the dominant contribution 

to the integral in a wide kinematical range of x and Q2. This has been understood 

long ago—see discussion in Sees. 13 and 14. A similar conclusion has been achieved 

recently24 within the constituent quark model. (Note, however, that this model ignores 

the increase of gluon distribution with Q typical for QCD, and therefore, overestimates 

the nonperturbative QCD contribution.) Thus, such types of diffractive processes should 

depend on energy in a way similar to the usual soft hadron processes. 

A good example of the consequences of the interplay of small 6 and large 6 physics is 

that in electroproduction of small mass states, the unitarity limit may become apparent 

at larger x than in the case of the total cross section of deep inelastic processes. 

12 Geometrical Limit 

The important role of nonperturbative QCD effects clearly shows that new ideas beyond 

the PQCD approach are required. 



The starting point of our discussion is the observation that when lc considerably exceeds 

the diameter of a target which is at rest, the virtual photon transforms into hadron 

components well before the target. Thus, small x physics probes the interaction of various 

hadron wave packets with a target (for the sake of the argument, we will consider the 

interaction with a proton target). The geometrical limit for the cross section of a virtual 

photon scattering off a nucleon target will follow from the assumption that a target is 

black for the dominant hadron components in the wave function of the virtual photon. In 

this approximation, the structure functions of a target can be unambiguously calculated. 

A comparison with the formula deduced from the geometrical limit will imply certain 

restrictions on the increase of structure functions.67 

Blackness,of hadron interactions at high energies has been predicted in the elastic 

eikonal models with input cross sections increasing with energy (see Ref. 68 and references 

therein). The assumption on the blackness of hadron-hadron interactions at high energies 

is often used to deduce the Froissart limit. 

Under the assumption that the interaction is black, the cross section of nondiagonal 

diffractive processes should be small, and decrease with increase of energy. This has been 

understood long ago by considering the example of an energetic particle scattering off a 

black potential well (see, e.g., Ref. 69). 

Within this picture, in the limit x -4 0, the deep inelastic lepton scattering off 

a nucleon can be unambiguously calculated through the cross section of the reaction 

e+e~ ->• hadrons,7 0 

Ml.. 2 

°**w+p) = §<*>/ fifrV+y)'*"8' ( 5 0 ) 

ml 
•vhere (<r) is the average interaction cross section, m denotes the mass of the state con-

;ributing to the deep inelastic cross section, and at the same time, the center-of-mass 

mergy of the e +e~ system, m2,, is the hadronic scale ~ 1 GeV2, and R is defined by 

fl(m») = g ( f r - + l w y > B ' > . (51) 
( j (e + e- ->• n+fi~) v ' 

The upper limit in formula (50), JW£OI ~ Q 2 ( ^ 7 ~ *) w ' t h r * t n e r a d i u s o f a nucleon, 
follows from the condition that the diffractive production of a state with mass m should 
not be suppressed by the nucleon form factor. Thus, 

ff(r+P) = flw{»>, ( 5 2 ) 

where the probability of a given configuration P w is expressed by 

Since large masses dominate in the integral, it is legitimate to substitute R(m2) by its 

asymptotic value. For numerical estimates, we will use R for the case of five flavors, 

R = y . Thus, in the unitarity limit 

In the integral over m 2 , we use the conventional definition of diffraction as leading to 

hadronic final states with -f- < 0.1, where diffractive production is not suppressed by the 

nucleon form factor. 

The expression for Ftp follows from Eqs. (52) and (53) and the relation between the 

total 7"p cross section, and the structure function J i 

iW..<rt-^[ln^-l]. (55) 
For the proton target, following Ref. 67, we estimate 

(a) = a p p / 2 . (56) 

For further estimates, we shall use a parametrization of F2p(x, Q2) given by expression (1). 

Assuming that Fip cannot exceed the unitarity limit given by Eq. (55), and taking 

(a) = 40 mb, allows us to obtain some constraints on the region where partem dis

tributions may increase with Q and i (Ref. 67). Assuming that the parametrization 

given by (1) holds down to extremely low x, the geometrical limit would be exceeded at 



x ~ 10~ r, 10~8 for Q2 = 10 GeV2. This is three orders of magnitude below the present 

kinematical limit at HERA. The restrictions obtained from the geometrical limit for the 

cross section averaged over impact parameters are thus interesting from a purely theoret

ical point of view but not for any practical purposes. Somewhat more useful restrictions 

on the small i behavior follow from the mismatch of QCD predictions for inclusive and 

exclusive processes, and from S-matrix unitarity constraints. 

13 Diffraction in DIS at Intermediate Q2 

It has been understood long ago that the production of almost-on-mass shell quarks by 

virtual photons should give a significant contribution to the total cross section for deep 

inelastic scattering at small a; (Ref. 71). One of the predictions of this approach (which 

is essentially the parton model approximation) is a large cross section for diffractive pro

cesses. The QCD Q2 evolution does not radically change this physical picture. The only 

expected modification of the picture is the appearance of a number of hard jets in the 

current fragmentation region10 typical for including as In Q 2 terms. It is often stated that 

the dominance of the BFKL Pomeron in diffractive processes predicts the dominance of 

final states consisting of hard jets. 5 6 ' 7 2 However, this prediction is not robust since the 

analysis of Feynman diagrams for hard processes in QCD finds strong diffusion effects into 

the region of small transverse momenta of partons (see Ref. 57 and references therein). 

Recent HERA data 8 seem to support the picture with a dominance of events with small 

kt. Thus, it seems worthwhile to investigate the role of nonperturbative QCD physics in 

diffractive processes. 

The interaction of a virtual photon with a target at intermediate Q 2 and small x, when 

gluon radiation is negligible, can be considered as a transformation of 7" into a qq pair 

which subsequently interacts with the target. In this case, an important role is played by 

the quark configurations in which the virtuality of the quark interacting with the target 

is small, 

**~fc», a9 = £ 3 ± & ! . (57) 
Here, a, denotes the light-cone fraction of the photon momentum carried by the slower 

quark, and fc,o is an average transverse momentum of partons in the hadron wave function, 

typically kl0 ~ 0.3-0.4 GeV. 

In the language of noncovariant perturbation theory, the qq configurations described 

by Eq. (57) correspond to an intermediate state of mass m 2 ~ Q 2 and of transverse 

size ~ •£- > 0.5 fm. These configurations constitute a tiny fraction ~ •$ of the phase 

volume kinematically allowed for the qq pair. However, the interaction in this case is 

strong—similar to the interaction of ordinary hadrons, since the virtuality of the slower 

quark is small and the transverse area occupied by color is large. The contribution of 

these configurations leads to Bjorken scaling, since the total cross section is proportional 

to 55-, and in the parton model, only these configurations may contribute to the cross 

section. Hence, Bjorken has assumed71 that all other configurations are not important in 

the interaction, though the underlying dynamics of such a suppression was not cleat at 

that time. 7 3 Accounting for the (<&) factor in Eq. (50) allowed him to reconcile the Gribov 

dispersion representation with scaling. He suggested referring to these configurations as 

aligned jets since both quarks have small transverse momenta relative to the photon 

momentum direction. In further discussions, we will refer to this approach as that of 

the Aligned Jet Model (AJM). Note that in terms of the Feynman fusion diagram, the 

aligned jet contribution arises only for transversely polarized virtual photons. This is 

because the vertex for the transition 7J. -4 qq is singular f~ i ) when the fraction of the 

photon momentum z carried by the slowest quark (antiquark) tends to zero. For the 

case of a longitudinally polarized photon, the aligned jet approximation produces results 

qualitatively different from expectations in QCD, where the contribution of symmetric 

jets dominates. This is because in QCD, the dominant contribution to the 7£-nucIeon 

cross section arises from the region of large fc,( ~ ^. 



In QCD, the interaction of quarks with large relative transverse momenta with a target 

s suppressed but not negligible. The suppression mechanism is due to color screening since 

\q configurations with large k, correspond, in the coordinate space, to configurations 

>f small transverse size, 6 ~ j - , for which Eq. (8) is applicable. It is easy to check 

;hat the contribution of large kt also gives a scaling contribution to the cross section. 

The practical question then is which of the two contributions dominates at intermediate 

9 2 = Qo w ^ GeV2, above which one can use the QCD evolution equations. To make 

L numerical estimate, we assume that the qq configurations with kqt < kto, in which 

:olor is distributed over a transverse area similar to the one occupied by color in mesons, 

nteract with a cross section similar to that of the pion. A comparison with experimental 

lata for Fip(x ~ 0.01, Qjj) indicates that at least half of the cross section is due to soft, 

ow kt interactions. 1 0 , 3 7 A crucial check is provided by applying the same reasoning to 

icattering off nuclei in which the interaction of the soft component should be shadowed 

with an intensity comparable to that of pion-nucleus interaction. Indeed, the current deep 

nelastic data on shadowing for Fu{x,Q2) are in reasonable agreement with calculations 

jased on the soft mechanism of nuclear shadowing.10'11 

Similar to the case of hadron-nucleon and hadron-nucleus interactions, the interaction 

)f 7* in a soft hadron component naturally leads to diffractive phenomena. Application of 

;he Gribov representation with a cutoff on the kt of the aligned jets in the integral leads 

;o a diffractive mass spectrum for the transversely polarized virtual photon7 3 

dM2<X (M2 + Q2)2 " l ' 

The two major differences compared to the hadronic case are that elastic scattering is 

:ubstituted by production of states with {M2) w Q2, and that the contribution of config-

lrations of small spatial size is larger for i"L. 

If the aligned jet configurations were dominant, the fraction of cross sections of deep 

nelastic f'N scattering due to single diffractive processes would be 

BAJM -„,.„!„ - g»w( e l) + gwv(diff) n „ c 

Our numerical estimates indicate that for Q2 ~ Qjj and x ~ 10~2, the AJM contributes 

about 7} ~ 60-70% of the total cross section. So we expect that in this Q2 range, the 

probability for diffraction is 

J^ g . .d i ( r = »?i?,1$<,di<r~15%. (60) 

This probability is actually related in a rather direct way to the amount of shadowing in 

interactions with nuclei in the same kinematic regime, so it is quite well-determined by 

the nuclear shadowing data. 

To estimate the probability of events with large rapidity gaps, one has to add the 

processes of diffractive dissociation of the nucleon and double-diffraction dissociation, 

leading to an estimate 

P g a p = (1.3 - 1.5)fl,i„g,e difr ~ 0.2 . (61) 

This is rather close to the observed gap survival probability for photoproduction pro

cesses.74 

The characteristic features of the AJM contribution which can be checked experimen

tally are the charge and flavor correlations between the fastest and the slowest diffractively 

produced hadrons, which should be similar to those in e +e~ -+ hadrons at M2 ~ Q2. 

Another important feature of the soft contribution, which distinguishes it from the 

contribution of hard processes, is the t dependence of the cross section for M2 < Q2. 

Since the size of the configurations is comparable to that of the pion, one may expect 

that the t slope of the cross section, B, should be similar to that of the pion-nucleon 

interaction, i.e., B > 10 GeV - 2 , which is much softer than for hard processes where we 

expect B « 4 GeV - 2 (see discussion in Sec. 4). The large value of the slope for the soft 

component is also natural in the parton-type logic where only slow partons interact. It is 

easy to check that for — t 2> k?0 ~ 0.1 GeV2, the mass of the produced hadron system is 

larger than the mass of the intermediate state by a factor of ^ . Thus for large t, the 

production of masses M < Q is suppressed. Therefore, the study of the t dependence of 

diffraction can be used to disentangle the contribution of soft and hard mechanisms. 



This discussion indicates also that the contribution of nondiagonal transitions 

"M2" -> "M' 2" leads to a weaker decrease of the differential cross section with M2 

than given by Eq. (58). Besides, at large M2 (of order a few times Q2), one expects an 

onset of the dominance of the triple-Pomeron mechanism which corresponds to 
da 1 . . 

dM2 K Q2M2' { 6 2 ) 

14 Q2 Evolution of the Soft Contribution in 

Diffraction 

The major difference between the parton model and QCD is the existence in QCD of a 

significant high pt tail in the parton wave functions of the virtual photon and the proton. 

This is the source of the violation of Bjorken scaling observed at small x. It is thus 

necessary to modify the aligned jet model to account for the hard QCD physics. 

It is, in general, difficult to obtain with significant probability a rapidity gap in hard 

processes in perturbative physics. Confinement of quarks and gluons means that a gap in 

rapidity is filled by gluon radiation in PQCD and subsequently by hadrons.75 It is possible 

to produce diffraction in perturbative QCD, but the price is a suppression by powers of 

the coupling constant a, and/or powers of Q2. In the first approximation in calculating 

diffraction in deep inelastic processes at small x, we will thus neglect diffraction in PQCD. 

In the following analysis, for the description of large rapidity gap events, we shall use the 

QCD modification of the AJM model suggested in Ref. 10, as well as the suggestion of 

Dokshitzer76 to add to the conventional evolution equation the assumption of local duality 

in rapidity space between the quark-gluon and hadron degrees of freedom. 

In the course of the following considerations, it will be convenient to switch to the 

Breit frame. In this frame, the photon has momentum (0, — 2xP) and the initial proton 

has momentum {P,P). Correspondingly, Q2 = 4x2P2. The process of diffraction can be 

viewed as the virtual photon scattering off a color singlet qq pair, with the interacting 

parton carrying a light-cone fraction a and the spectator parton carrying a light-cone 

fraction x\. We assume here the local correspondence in rapidity space between partons 

and hadrons. The mass of the produced system M is given by 

M2 = (p 7. + P z i + p Q ) 2 = P 2 ( (a + * , ) 2 - (a + xt - 2x)2) = 

Q2 + 4P 2 (a + xx)x = Q2a + *i-* . ( 6 3 ) 
x 

In the approximation, gluon radiation is neglected (parton model), a = x, and the mass 

of the diffractively produced system M is 

M2 = Q2xi/x . (64) 

The differential cross section for production of mass M follows from Eq. (58), 

daAm

 r f , x t xM2, 1 

HW = rJ dxi5{xi - -W\Q2 + M2)2 = 

L j d x A x -«)*(,, - ^-){i+li/x)2 . (65) 
Here, T is the factor which includes the density of correlated color singlet pairs and the 

cross section for interaction of the photon with the parton. The total cross section for 

diffractive dissociation comes out to be proportional to 4^, 

rdaAJM

 J > r 2 r rdxi 1 T .„„. 
J lM2-dM = WJ T{l + xx/x)2 = -Q2 • ( 6 6 ) 

We do not restrict the integration over x\ in Eq. (66) since the major contribution comes 

from the region of x\ ~ x. Thus, we can formulate diffraction in the infinite momentum 

frame as a manifestation of short rapidity range color correlation between partons in the 

nonperturbative parton wave function of the nucleon. To calculate the Q2 evolution in 

QCD, we have to take into account that the parton with momentum fraction a has its 

own structure at higher Q2 resolution, and that the 7" scatters off constituents of the 

"parent" parton. This is the usual evolution with Q2 which can be accounted for in the 

same way as in the QCD evolution equations by the substitution 

r <5 (x-a)->P£^r l(J.<3 2.$). 
i 



where dy*rt(x,Q2,Qjj) are the structure functions of the parent parton. This effect leads 

to the change of the relationship between x\ and x resulting from parton bremsstrahlung, 
dff»rt+QCD p , - d a i 

= ^ / < , X l / T ? e ^ " , ( f , < 3 2 ' Q » ) ^ 0 " P t , l ( a ' ^ ) 
dM2 Q 

<•/ . xM 2 1 1 . . . a + xi—x. . „ . 
*( . , + a - x - _ ) - l r _ 7 - p * ( A j - L - - ) . (67) 

P denotes the probability of diffractive scattering in a soft interaction, and ̂ """""(a, Qjj) 

is the parton distribution in the soft component producing diffraction (compare discussion 

in the previous section). The 0 function term reflects the condition that diffraction in the 

nonperturbative domain is possible only for 

M2 Q2[a + x\ — x) a + xt — x , . 
° ^ — = , o2x = /T > B A ~ 0 . 0 5 - 0 . 1 . 68 

s x(t> - Q2) (1 - x) x ' 
After performing the integral over xi, we can rewrite Eq. (67) in the form 

J-soft+QCD P rl dot T 

w^mwix{1-x)-x^)il--x

+!$) • (69) 

After integrating Eq. (69) over the mass of the produced system, we obtain for the total 

diffractive cross section 
P r i d a , .soft-f-QCD = & L T ^ e ^ c r l ( 5> Q 2' <2o)<rpcrt(«. Qi) 

r - ^ A a " 4 g ( A ( i - a ) - ( a - a ) ) - (7o) 

14.1 Evolution Equation for Diffraction 

Let us rewrite Eq. (67) in a form more convenient for the application of the evolution 

equations. To this end, let us consider the ratio 

H = Q —-jm—> 

and analyze the Q2 evolution of the diffraction cross section at fixed K = M2/Q2. Ne

glecting the valence quark contribution, and calculating leading or. In % corrections to 

Eq. (70), we find 

{p w (£ , Q2)2S(a, Q2) + JV,PW(£, Q2)G(«, Q2)} 

6(\(l-x)-xk) 

•(-M 
/ («,a ,x) , (71) 

where (ej\ is the average quadratic electric charge of patterns, and 

/(/c, a,x) = (K + 2 - a/x)~ 2 

for K < 2. For larger K where the triple-Pomeron contribution is important, / ~ /c - 1 . 

14.2 Qualitative Pat tern of a; and Q2 Dependence of Diffraction 

It is easy to see that Eqs. (69), (70), and (71) lead to the leading-twist diffraction. To 

see the pattern of the x and Q2 dependence, we can assume that d? € r t(x, Q2) = •£, and 

q°"r°"(x>Q2) _ jk_ i t f 0 n o w s f r o m Eq. (69) that for x < A, the ratio fat does not 

depend on x. One can also see that the characteristic gap interval is 

Ay = l n x ^ - = l n ^ + l n i ^ - = l n - + l n ( 1 r ^ - ) . (72) 
Mmp Q2 M mp x M mp

 v 

The second term In M*?m increases with Q2 in the parton model, while the scaling violation 

tends to reduce this increase since the mean value of M2/Q2 at fixed x increases with Q2. 



There are several qualitative differences between the QCD-improved soft diffraction 

and the parton model (AJM): 

(i) Due to QCD evolution, the number of diffractively produced hard jets and the average 

transverse momentum of diffractively produced hadrons should increase with Q2. 

(ii) The distribution of 4^ becomes broader in QCD with increasing Q2. 

(iii) While in the parton model the cross section for the interaction of the longitudinally 

polarized virtual photon is a higher twist effect, in QCD diffraction is a leading-

twist effect for any polarization of the virtual photon. The final state in the case 

of longitudinally polarized photons should contain at least three jets, two of which 

should have large transverse momenta comparable with Q. 

14.3 Connection with the Ingelman-Schlein Model 

Ingelman and Schlein have suggested treating hard diffractive processes using the concept 

of parton distribution in the Pomeron.52 In this approach, one calculates the light-cone 

fraction of the target carried by the Pomeron, xp, and light-cone fractions of the Pomeron 

momentum carried by quarks and gluons, 0. It is assumed that parton distributions in the 

Pomeron, Pqp(P,Q2)tf3gp(P,Q2), are independent of xp and the transverse momentum 

of the recoil nucleon. For the process of inclusive deep inelastic diffraction, /? is simply 

related to the observables, 

' -Qi+W ( 7 3 ) 

The Q2 evolution of the total cross section of diffraction as considered in the previous 

subsections is consistent with the expectation of the Ingelman-Schlein model (though the 

final states are not necessarily the same). The aligned jet model in this case serves as 

a boundary condition defining parton distributions in the Pomeron at intermediate Q2, 

above which QCD evolution takes place. The aligned jet model corresponds to the quark 

distribution in the Pomeron 
Af/>M)cx/?. (74) 

It follows from the discussion in the end of Sec. 13 that taking into account the non-

diagonal transitions in the aligned jet model and the triple-Pomeron contribution would 

make the distribution flatter. A similar, rather flat distribution is expected for gluons for 

these Q2. This expectation of the aligned jet model is different from the counting rule 

anzatz of Ref. 52: PqP(P, Q%) oc (1 - /?). 

15 Nonuniversality of the Pomeron in QCD 

Theoretical considerations of soft diffractive processes have demonstrated that ordinary 

hadrons contain components of very different interaction strength. 1 6 ' 7 7 This includes con

figurations which interact with cross sections much larger than the average one, and con

figurations which interact with very small cross sections, described by Eq. (8) for a meson 

projectile. The probability distribution to find a pion and nucleon in configurations with 

a given interaction cross section a, P(a), is presented in Fig. 6 from Ref. 16, which also 

includes the estimate of the probability of small cross sections in the pion, which is close 

in spirit to the analysis of the diffractive p meson production described in this report. 

The presence in hadrons of various configurations of partons having different interac

tion cross sections with a target is in evident contradiction with the idea of a universal 

vacuum pole where universal factorization is expected. Atthe same time, it is well-known 

that the Pomeron pole approximation is not self-consistent. The vacuum pole should 

be accompanied by a set of Pomeron cuts. 1 5 For the sum of the Pomeron pole and the 

Pomeron cuts, no factorization is expected. Thus, the S-matrix description and the QCD 

description are not in variance. We shall enumerate now where and how to search for the 

nonuniversality of the effective Pomeron understood as the sum of the Pomeron pole and 

the Pomeron cuts. 
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Figure 6: Cross section probability for pions Px(o) and nucleons PN(O) as extracted from 

experimental data. Here, Px(a ~ 0) is compared with the perturbative QCD prediction. 
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It is natural to distinguish two basic manifestations of the nonuniversality of the ef

fective Pomeron trajectory, ap(t) « ao + dt\ firstly, a different energy dependence of the 

interaction cross section, characterized by a different value of ao, and secondly, a different 

rate of Gribov diffusion, which would manifest itself in different values of a'. 

15.1 Nonuniversality of the Energy Dependence 

To study the nonuniversality of ao, it is necessary to study the energy dependence of 

the electroproduction of vector mesons as a function of Q2. Up to now, only two results 

are known, ao ~ 1.08 from the p meson photoproduction,78 and ao ~ 1.30 as estimated 

from preliminary HERA data at Q2 ~ 10 GeV2 (Ref. 5). The key question is at what Q2 

a significant rise of ao starts—this will give direct information on the transition region 

from soft to hard physics. Optimists of PQCD suggest that the rise may occur already at 

Q2 ~ 3 GeV2. The same question applies for production of heavier (f> and J/9 mesons. 

Since the J/9 meson is a small object, one may speculate that in this case, the rise could 

start already for photoproduction (the experimental data indicate that the slope of the 

J/9 exclusive photoproduction cross section is close to the value given by the two-gluon 

form factor of the nucleon). The practical problem for a quantitative analysis is that no 

accurate data on exclusive J/9 photoproduction at fixed-target energies are available 

at the moment. Inclusive fixed-target data, where the J/9 meson carries practically the 

whole momentum of the projectile photon, which are used to extract the exclusive channel, 

seem to be significantly contaminated by the contribution of the reaction 7+p -> J/9+X, 

which is peaked at XF{= Pt>/p7) close to 1. 

15.2 Nonuniversality of the t Dependence 

The slope of the effective Pomeron trajectory a' should decrease with increasing Q2. 

This is because the Gribov diffusion in the impact parameter space, which leads to finite 

a' (Ref. 33), becomes inessential in the hard regime. This is a consequence of the in

crease with energy of the typical transverse momenta of partons. Thus, for the reactions 



7" + N -» V + N, the effective a' should decrease with increasing Q2, while a universal 

Pomeron exchange approximation predicts for the energy dependence of the slope 

J5(s) = B(s 0) +2a'In ( j - ) (75) 

with cl ~ 0.25 GeV"2. 

It is possible to look for this effect by comparing the HERA and the NMC data on the 

p meson production. The universal Pomeron model predicts that the slope should change 

from B ~ 4 G e V 2 (Ref. 4) to B ~ 6 GeV - 2 at HERA energies, while in the perturbative 

domain a much weaker change of the slope is expected. 

The slope of the effective Pomeron trajectory, cl, may depend on flavor. It should 

decrease with the mass of the flavor. Thus, it would be very important to measure the 

effective cl for diffractive photoproduction of p, <j>, and J /* . If PQCD is important for 

J/ty photoproduction, one would expect a smaller increase of the slope with energy in 

this case. 

15.3 Nonuniversality of the Gap Survival Probability 

The presence of configurations of different size in hadrons (photons) should also manifest 

itself in the nonuniversality of the gap survival probability in the two-jet events. Since 

the"probability of gap survival is determined by the intensity of the soft interaction of 

the projectile with the target, the survival probability should increase with an increase 

of Q2, and at fixed Q2, it should be larger for the heavy qq components of the photon. 

Also, the gap survival probability in the photon case should be substantially larger than 

that observed in pp collisions at the FNAL collider.79 This reflects the difference be

tween fftot(pp) « 80 mb and the effective cross section for the interaction of the hadronic 

components of 7(7*) with nucleon of < 30 mb. 

Observation of the nommiversalities discussed here will shed light on the structure 

of the effective Pomeron operating in strong interactions, and will help to address the 

question about the major source of the increase of the total cross section of pp interaction— 

soft physics or hard physics of small-size configurations. 

15.4 Nonuniversality of Diffraction Dissociation 

Since the object which couples to the nucleon in the hard coherent processes is different 

from the soft Pomeron, one may expect a difference between the value of the ratio 

•£(y'+p^p+x)/-£(rr'+p-*p+p) 

and a similar ratio for soft processes. Qualitatively, one may expect that, since the 

coupling of effective Pomerons in hard processes is more local, the ratio of the diffraction 

dissociation and elastic cross sections should be substantially smaller for hard processes, 

at least for small excitation masses. 

16 Summary 

We have demonstrated that color-coherent phenomena in QCD should play a rather direct 

role both in the properties of hadrons, and in high-energy collisions. It seems now that 

recent experimental data confirm some of the rather nontrivial predictions of QCD, and 

helptoducidate suchdd problems as the origin of the Pomeron pole and the Pomeron 

cuts in Reggeon calculus. Thus, we expect that the investigation of coherent hard and soft 

diffractive processes may be the key to obtaining a three-dimensional image of hadrons, in 

helping to search for new forms of hadron matter at accelerators, and in understanding the 

problem of internucleon forces in nuclei. Forthcoming high luminosity studies of diffraction 

at HERA, which will include, among other things, the detection of the diffracting nucleon, 

and <7£ — o-r separation, would greatly help in these studies. 
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