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I. I N T R O D U C T I O N 

This is the final report for the research contract DE-AC02-76ER-03072 which 
supported experimental and theoretical research of the Princeton High Energy 
Physics Group for the period October 1, 1969 - December 31, 1990. The goal of 
this research was to understand the fundamental constituents of matter and their 
interactions. 

Information on High Energy Physics Research at Princeton University, how it 
started and evolved, and how it was supported is presented in Section II. 

Over the twenty-one year period covered by this contract, extensive research 
has been accomplished. It is summarized in Section III. 

Finally, we present in Section IV the list of all publications issued during the 
contract period. 

2 



II . H I G H E N E R G Y P H Y S I C S R E S E A R C H A T P R I N C E T O N 
U N I V E R S I T Y 

A. A Brief His tory 

Elementary particles research at Princeton University had its beginning in a 
group which was originally called the "Ordnance Research Laboratory". This ac
tivity was organized by Professor John A. Wheeler in 1945 and was supported by 
the Office of Naval Research, which continued to supply support until 1968. The 
buildings, a staff of technicians, and some of the scientists came from a wartime 
development project, and the remainder of the scientific staff were young faculty 
who joined the University following the end of the war. A second high energy group 
was formed in the late 1950's under the support of the Atomic Energy Commission, 
in conjunction with the Princeton-Pennsylvania Accelerator. 

The scientific impetus for the organization of the post-war research activity 
was Wheeler's interest in cosmic rays, their origin and their constitution. The early 
activities included, as an important part , balloon flights of counters and cloud-
chambers for the study of the constituents of the primary cosmic rays. Other 
activities included a series of experiments with cloud-chambers which were operated 
at Echo Lake, Colorado, both with heavy plates and with applied magnetic field, and 
studies of the neutron component of the cosmic radiation. An important part of the 
work bore on the nature of the interactions and decay of /z-mesons. Familiar names 
associated with the neutron work include R. W. Ladenburg and L. C. L. Yuan. The 
names of G. T. Reynolds, J. Tiomno and J. A. Wheeler were associated with most 
of the //-meson work. Among those involved with the very high altitude research 
performed with balloons include T. Coor, G. C. Harris and R. R. Rau. During this 
time the liquid scintillation counter was developed by Reynolds, making possible 
the construction of very large counters with good time resolution. Reynolds, F . G. 
Harrison and J. W. Keuffel made use of this technique to study \i-meson capture in 
many materials. 

Toward the end of the decade, Reynolds took over the direction of the work, 
and the group became known as the "Cosmic Ray Laboratory". The cloud chamber 
work shifted to the studies of "V" particles. These are now known as K-mesons 
and hyperons, but much of the original information about their characteristics came 
from cosmic ray cloud chamber experiments. 

When the Cosmotron at Brookhaven National Laboratory started operations, 
the activities of the group began to shift away from cosmic ray experiments to 
research using machine-produced particles. The early experiments mainly concerned 
the production and decay of "strange" particles both at the Cosmotron and the 
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Bevatron at the Lawrence Radiation Laboratory. Important techniques developed 
during this period were improvements in fast counting methods by V. L. Fitch and 
the spark chamber work of J. W. Cronin. 

In the late '50's and early '60's, the Princeton-Pennsylvania Accelerator was 
being constructed. Atomic Energy Commission research funds were made available 
in increasing amounts. These supported the research interests of physicists on the 
PPA staff, who were also active in the construction of the accelerator; they also sup
ported the research of some members of the Princeton physics department. (There 
was, of course, useful collaboration with the researchers supported by the ONR con
tract.) After the PPA started operations, most of the work funded under the AEC 
research contract was performed there. A continuing collaboration included Prof. 
G. K. O'Neill, and Prof. A. K. Mann of the University of Pennsylvania, who studied 
K+ decays. A group constructing the fast-cycling 15" bubble chamber developed 
a capability for bubble chamber film analysis with measuring machines on-line to 
a small computer. Film from Brookhaven as well as from the PPA chamber was 
used in their experiments. Another continuing program had the names of T. J. De
vlin and R. Mischke associated with work on neutron interactions and K° lifetimes 
and interactions. An important technical development was the magnetostrictive 
readout wire spark chamber, developed by T. J. Devlin in collaboration with V. 
Perez-Mendez of the University of California. 

The ONR-supported group made extensive use of the PPA, with a similar or 
larger amount of activity at the AGS at Brookhaven. The nearness of the PPA 
made it possible for small groups of faculty members with teaching responsibilities 
to carry out effective experiments at low cost. Some experiments, however, required 
the greater capabilities of the AGS. The unique capability of the PPA to provide 
time-of-flight of neutral particles from the production target was used in a majority 
of the experiments performed there. Important work was done on the K° system at 
both laboratories by V. L. Fitch and J. W. Cronin. The discovery of CP-violating 
decay of the long-lived neutral kaon into two pions led to the awarding of the 1980 
Nobel prize to Fitch and Cronin. 

In 1967, the separation of the activities of the two groups had become more 
in name than fact and the Physics Department decided that they should be ad
ministered in a way which reflected this. Accordingly, Prof. Reynolds was made 
Principal Investigator of both the AEC and ONR contracts. When the ONR found 
it necessary to suspend its support of elementary particle physics a year later, the 
two groups merged to form the present Princeton high energy group, supported 
under contract DE-AC02-76ER03072. The AEC increased the level of its support 
to cover the activities of both groups, with a significant but workable reduction in 
overall funding. 
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A most significant development in the program of research was the support of 
theoretical physics, which began in FY 1969 and expanded to the present level in 
FY 1970. The work in particle theory at Princeton has traditionally been closely 
related to the experimental work, and its direct support by this contract is most 
appropriate. Among others supported over the years by this contract have been 
S. B. Treiman, Frank Wilczek, Curtis Callan, Jeffrey Harvey, Laurence Yaffe, and 
Emil Martinec. 

With the development of electronic techniques for data recording from spark 
chambers and proportional chambers, the facility for optical data retrieval was 
phased out in 1971. Subsequently, the capability of the group for electronic da ta 
handling was increased by the addition of an electronic engineer and supporting 
technicians. 

When the PPA ceased operations in 1971, virtually all of the experimental work 
was shifted to Brookhaven, and shortly afterward, to Fermilab as well. During this 
period of transition, F . C. Shoemaker succeeded Reynolds as Principal Investigator, 
and served in this position until 1985, when he was succeded by Pierre A. Piroue 
and A. J. Stewart Smith. 

B . Facilities for Pr ince ton H E P Research 

The majority of the work in high energy research is housed in Jadwin Hall, a 
modern, well-equipped building which contains most of the Physics Department 's 
activities. Besides offices for the faculty and professional staff, it contains spacious 
laboratories, a large, well-equipped machine shop, a "student shop", electronic shop, 
stockroom, drafting shop, etc. 

Intensive computing is done using the group's remote computer connections by 
a leased line to L3NET, and thence to Fermilab, Brookhaven, and CERN computer 
centers. Locally, a VAX 750 is owned by the HEP group. It is most important for 
us to keep upgrading this local facility. 

Apparatus construction is largely done by an engineer and technicians working 
in the buildings which are now known as the "Elementary Particles Laboratory", 
about a quarter of a mile from Jadwin Hall. They have available complete shop 
faciUties: various standard machine tools, a computer-driven Bridgeport milling 
machine, a large wire chamber winding machine, and other specialized fixtures for 
making wire chambers and for the construction of counters, etc. 

The group has several small computers used for on-line recording and exper
imental performance checking. There is a limited amount of high-speed logic and 
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other standard counting electronics instrumentation - most of that needed for ex
periments is borrowed from the equipment pools of the host accelerator laboratories. 
Two drift chamber digitizing systems have been built within the group, and some 
commercial drift chamber recording equipment is also owned. There is a modest 
complement of electronics instruments such as oscilloscopes, CAMAC, etc. 

C. Pr ince ton Universi ty's Financial Contribut ions 

Princeton University has long had the tradition of combining teaching with 
research or scholarship in one faculty. Accordingly, the normal full-time teaching 
loads are such that faculty members have a considerable portion of their time and 
energy available for research activities. The physics Department has carried out 
this tradition by employing very few full-time research workers (Research Associates, 
etc.) in the belief that it is better to combine teaching with research in the activities 
of each individual. Consequently, most of the scientific personnel in the High Energy 
Physics Research Group are on regular faculty appointments. They have half-time 
teaching loads, with salaries of non-tenured faculty during the academic year paid 
half by the teaching budget, half by the contract. The salaries for the tenure faculty 
are charged entirely to the University during the academic year, which represents a 
considerable contribution by the University to the research. In fact, by agreement 
with the auditors, only the half time academic year salaries of senior faculty who 
are fully paid by the University, but have half time teaching loads, are counted 
as Princeton's contribution. For example, in 1987, this contribution amounted to 
$380,000. 

For the fiscal year 1987, the University made an additional contribution of 
approximately $35,000 not subject to indirect costs, and therefore equivalent to 
about $58,000 in contract funds. A valuable aspect of this type of funding is the 
ability to support a considerable fraction of the group's essential foreign travel 
without the need to apply for Department of Energy foreign travel funds. 

Because of the Gramm-Rudman-Hollings deficit reduction law, the funds pro
vided by the Department of Energy in 1987 were not sufficient to implement the 
collaborative programs to which the group was committed. In an unusual action, 
the University made a special one-time contribution of the equivalent of $85,000 
in contract funds. The total estimated University monetary contribution to our 
research in FY 1987 was therefore $523,000. 
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III . S U M M A R Y OF R E S E A R C H A C C O M P L I S H E D 

A . Research Act iv i t ies 

As indicated in the preceding section the Princeton-Penn Accelerator ceased 
operations in 1971, just about one year after the beginning of the twenty-one 
year period of the present contract. All of the experimental work thus shifted 
to Brookhaven, and shortly afterward, to Fermilab. 

The first Princeton experiments at Fermilab were the study by Cronin (who had 
just moved to the University of Chicago), P. A. Piroue, and R. L. Sumner of particles 
with high transverse momentum produced by protons(E-lOO), and the measurement 
of deeply inelastic muon-nucleus scattering by M. Strovink and collaborators from 
Cornell and Michigan State Universities. This was soon followed by other important 
experiments at Fermilab. 

Those FERMILAB programs include: 

• Studies of muon-pair production by A.J.S Smith, K. T. Mcdonald, G. H. 
Sanders, J .J . Thaler, J . G. Branson, G. E. Hogan (E-331/444) 

• Searches for hadronicaily produced charm by the group of Fitch, R. Cester-
Regge, R. Webb, and M. Witherell (E-567) 

• Further studies of high - PT hadron and mu-pair production by Piroue, B. G. 
Pope, Sumner, D. A. Stickland (E-300/325/326) 

• A second-generation experiment on deep-inelastic muon-nucleus scattering and 
muoproduction of dimuons and multimuons, by Shoemaker, P. Surko, G. D. 
Gollin (E-203). This collaboration, among Berkeley, Fermilab, and Princeton 
physicists, included P. D. Meyers, then Berkeley graduate student and now on 
the Princeton faculty. 

• Very High Statistics Charm Physics (E691/791) by a collaboration including 
M. Purohit , N. Kondakis, W. D. Volkmuth, and J. S. Wiener. 

A few years before the end of the contract period initiatives were started at 
Brookhaven, and CERN. 

At BROOKHAVEN these initiatives include: 

• Search by a Princeton-Brookhaven-Triumf Collaboration for the rare K decays 
K+ —> 7 r + X ° X ° , where X° is any neutral, light and weakly interacting particle, 
with a sensitivity of 2 x 1 0 1 0 , three orders of magnitude beyond the limit in force 
at the t ime. The Princeton group includes M. Ardebili, M. Convery, M. M. 
I to„ D. R. Marlow, R. A McPherson, P. D. Meyers, F . C. Shoemaker, and A.J. 
S. Smith. The decay K+ —> TT+VU provides a sensitive test of the standard 
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model of weak and electromanetic interactions, a way for searching for new 
generations of quarks and leptons, and placing constraints on the parameters 
of the six quark model. The ultimate goal of the experiment is to make a 15 -
20% measurement of this process at the level of branching ratio predicted by 
the standard model, namely a few times 1 0 1 0 . 

• Search for the H Particle by V. L. Fitch and J. Klein. In 1978 Robert Jaffe of 
MIT observed that , within the framework of a successful model of the quark 
structure of the nucleons, the MIT bag model, there should exist a dibaryon 
composed of six quarks: 2 up, 2 down, and 2 strange. He estimated the mass 
of this particle to be about 80 MeV less than the mass of 2 A particles. Subse
quent calculations point to a mass close to that of the deuteron. If this is the 
case then the lifetime would be very long, long enough to have cosmological 
significance. If the H particle exists it should be produced in fair abundance at 
the accelerators at BNL and at Fermilab and be present in beams of neutral 
particles. Various schemes are developed to detect these particles through their 
dissociation to A's or decay in flight. 

At CERN, where the LEP collider is under construction since 1981, a Prince
ton group consisting of J . Bakken, P. Denes, A. Heavey, P. Kaaret, P. Piroue, K. 
Read, D. Stickland, R. L. Sumner works within the L3 Collaboration to build the 
L3 detector. The Princeton group has been involved in the L3 experiment since 
its inception. Its main responsibilities are the complete electronics readout system 
for the BGO electromagnetic calorimeter. The physics goals are the search for new 
particles, such as the Higgs boson and supersymmetric particles, and the perfor
mance of precision tests of the standard model at the Z° resonance and above the 
T ^ + ^ T - production threshold. 

Princeton physicists also engaged in extensive RfeD ACTIVITIES, e.g., 

• J. C. Armitage, J. G. Heinrich, C. Lu, and K.T. McDonald studied the feasi
bility of measuring CP violation in the B-meson system in an experiment at 
a hadron collider. Their major hardware effort was on a straw-tube tracking 
system, as well as silicon vertex detectors, and ring imaging Cerenkov counters. 

• P. Denes, D. Marlow, P. A. Piroue, and D. Stickland engaged in a systematic 
study of trigger and readout architectures suitable for SSC detectors, as well 
as issues related to the acquisition, digitization, and triggering of the next 
generation of high-precision electromagnetic calorimeters. 

In another line of research Val L. Fitch, M. Isaila, and M. Palmer searched for 
forces of intermediate range, e.g., the so-called fifth force. As long ago as the early 
1970's there were theoretical papers which observed that , within the framework 
of supersymmetry, there was room for add-ons to the usual Newtonian 1/r grav-
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itational potentials, new forces characterized by having a range of a few hundred 
meters to a few kilometers. The theoretical arguments were in no way compelling in 
favor, or against, the existence of such forces. It was an open question to be settled 
by experiments. Almost immediately, the results of various experiments began to 
appear which could be interpreted as evidence for the existence of such forces. They 
had a strength of about 1% that of gravity and a range of about 200 meters. Fitch 
and collaborators searched for such forces, in particular forces which are material 
dependent. They saw no evidence for such forces. 

Finally in THEORY, C. G. Callan, R. Dijkgraaf, I. Klebanov, E. Martinec ex
plored issues having implications for particle physics and cosmology. Topics studied 
solitons in string theory, two-dimensional quantum gravity, exploration of the prop
erties of a black hole solution of string theory. Earlier results included the discovery 
of magnetic monopole catalysis of baryon number violation in theories of grand 
unification and the discovery of the methodology for extracting space-time physics 
from the two-dimensional conformal invariance conditions of string theory. 

B . S o m e of t h e M o s t Significant Contr ibut ions t o E lementary Part ic les 
Research from the Pr ince ton High Energy Group 

1. A series of experiments seeking to discover the nature of the CP violation in 
weak decays. 
References: "The Kf - B°2 Mass Difference", R. K. Carnegie, R. Cester, 
V. L. Fitch, M. Strovink, and L. R. Sulak, Phys. Rev. D 4 , 
1 (1971); "A Self-Contained Determination of the Phase of ^ ± " , R. K. Carnegie, 
R. Cester, V. L. Fitch, M. Strovink, and L. R. Sulak, Phys. Rev. D 6 , 2335 
(1972); "On the K°e3 Charge Asymmetry", V. L. Fitch, V. Hepp, D. A. Jensen, 
M. Strovink, and R. C. Webb Phys. Rev. Letters, 3 1 , 1524 (1973). 

2. A series of experiments seeking to establish the rate of if£ —• 7r°7r°. There 
have been conflicting results reported for this difficult experiment. The mat ter 
was finally resolved by a definitive Princeton experiment. 
Reference: M. Banner, J. W. Cronin, C. M. Hoffman, B. C. Knapp, and M. J . 
Shochet, Physical Review Letters 28 , 1597 (1972). 

3. A pioneering FNAL experiment which demonstrated the production of hadrons 
by proton-nucleus collisions at exceptionally large transverse momentum, and 
which gave the first evidence for direct production of leptons in excess of those 
from known meson decays. 
References: J . W. Cronin, H. J . Frisch, M. J. Shochet, J. P. Boymond, P. A. 
Piroue, and R. L. Sumner, Phys. Rev. Letters, 3 1 1426 (1973); J . P. Boymond, 
R. Mermod, P. A. Piroue, R. L. Sumner, J. W. Cronin, H. J . Frisch, and M. J. 
Shochet, Phys. Rev. Letters 3 3 , 112 (1974). 
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4. Comprehensive measurements at FNAL of zz-pair production by hadrons which: 

a) Discovered a low-mass /z-pair continuum and showed that the bulk of 
prompt single fi's with p? ~ 2GeV/c are of electromagnetic origin. 

b) Showed definitively that the high-mass zz-pair continuum (M > 4 GeV) 
is produced by the electromagnetic annihilation of fractionally-charged qq 
pairs. 

c) Showed that «J/V> production does not directly proceed via the strong fu
sion of qq pairs even though there are many similarities. 

d) Made the first measurement of the quark structure function of the pion. 

e) Discovered evidence for higher-twist effects in /z-pair production by pions 
at high-a;, and subsequently confirmed this in a comprehensive measure
ment of the 7T~ structure function at high-a;. 

References: K. J. Anderson, G. G. Henry, K. T. McDonald, J. E. Pilcher, 
E. I. Rosenberg, J . G. Branson, G. H. Sanders, A.J.S. Smith, and J. J . 
Thaler, Phys. Rev. Letters 37, 799, 803 (1976); K. J. Anderson, et al., 
Phys. Rev. Letters 42 , 944 (1979); G. E. Hogan, et al., Phys. Rev. Letters 
42 , 948 (1979); C. B. Newman, et al.,Phys. Rev. Letters 42 , 951 (1979); 
K.J . Anderson et al., Phys. Rev. Letters 43 , 1219 (1979); C. Biino et al., 
Phys. Rev. Letters 56, 2649 (1985); J. P. Alexander et al., Phys. Rev. 
D 3 4 , 315 (1986). 

5. First results about lack of evidence for the existence of intermediate range 
forces. 
Reference : "Limits on the Existence of a Material-Dependent Intermediate 
Range Force", V. L. Fitch, M. V. Isaila, and M. A. Palmer, Phys. Rev. Letters 
60 , 1801 (1988). 

6. First results of a Brookhaven experiment on rare kaon decays. 
Reference : M. S. Atiya...D. Akerib, M. M. Ito, D. R. Marlow, P. D. Meyers, 
F . C. Shoemaker, A. J . S. Smith, et al., "Search for the Decay K+ —• ir + vv 
", Phys. Rev. Letters 64 , 21 (1990). 

7. Very precise measurements at CERN of electroweak parameters from the lep-
tonic and hadronic decays of the Z° particle, and determination of the number 
of light neutrinos in the universe. 
References : B. Adeva...J. A. Bakken, P. Denes, P. A. Piroue, K. Read, D. 
P. Stickland, R. L. Sumner, L3 Collaboration, "Measurement of Z° Decays 
to Hadrons and a Precise Determination of the Number of Neutrino Species", 
Phys. Lett. B 2 3 7 , 136-146 (1990) and "A Precise Measurement of the Neu-
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trino Species", Phys. Lett. B 2 4 9 , 341 (1990); B. Adeva...J. A. Bakken, P.P. 
Denes, P.A. Piroue, D.P. Stickland, R. L. Sumner, L3 Collaboration, "Mea
surement of Electroweak Parameters from Hadronic and Leptonic Decays of 
the Z°", Z. Phys. C - Particles and Fields 51 , 179 (1991). 

8. Formulation of the heterotic version of the superstring. 
Reference : David J. Gross, Jeffrey A. Harvey, Emil Martinec, and Ryan Rohm, 
"The Free Heterotic String", Nucl. Phys. B 2 5 6 , 253 (1985). This paper 
contains the only version of superstring theory which can produce a realistic 
gauge group and particle content for low-energy physics. It is the foundation 
of all serious a t tempts to connect string theory with real particle physics. 

9. Magnetic monopoles and grand unified theories. 
Reference : Curtis G. Callan, "Monopole Catalysis of Baryon Decay", Nucl. 
Phys. B 2 1 2 , 391 (1983). This paper showed that magnetic monopoles of grand 
unified gauge theories would catalyse proton decay at strong interaction rates. 
Typical grand unified theories predict spontaneous decay of the proton but at 
extraordinarily slow rates. This catalytic amplification of the decay rate was 
the basis of new types of experimental searches for magnetic monopole and of 
new types of astrophysical bounds on monopole abundance. 
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In a single K° regeneration experiment, all the pa ramete r s needed to specify the phase of 
the CP -noninvariant pa ramete r n + _ have been measured concurrently. The K „ 2 data have 
given the J? + _ phase relat ive to the phase of the if J regeneration, while the regenerat ion phase 
has been measured directly using the Kai charge asymmetry. Incorporated in the la t te r mea
surement i s an experimentally determined correction for the effects of incoherent r e g e n e r 
ation. The experiment yields argrj +_ = 36.2° ±6.1°. 

;on, J 
s. Rev. 159, 

Halpera** 

I. INTRODUCTION 

"î e coherent production of K \ mesons from 
""ss-lived K% mesons passing through material 

Provided an extraordinarily valuable tool for 
"^Ting not only the K\-K% system in detail but 
*-*> the parameters which characterize the CP 
^•--nrariance observed va.K% decay to two pions. 

-* '-"terference between the amplitude for 2<r de-
^ • ̂ 'hich results from the coherent scattering of 

; a in material (coherent regeneration) and the 

amplitude for direct decay K%~ 2JT has been an im
portant source of information on the phase of TJ + . , 
the ratio of the amplitudes for K%~it*t- and K\ 
— ir*ir~. Specifically, the interference pattern in 
the 2JT rate observed downstream from a regen
erator is characterized by a. phase term 
cos((p+_ -<pp+ 5r), where cp+_ is the argument of 
77+_, (pp is the phase (relative to the K % wave) with 
which the K\ wave has been coherently produced 
in the material, r is the proper-time interval be
tween exit from the material and decay (in units 

^AMVMlMliMM 
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of the if? lifetime, T,), and 5 is ih.eKl-K° mass 
difference in units of 1/T, . Therefore, with 6 
known,1"3 the study of the interference leads to 
knowledge of arg?j+ . only after independent infor
mation on the phase of the coherent regeneration 
has been obtained. This phase depends oaK° and 
K ° nuclear scattering amplitudes about which there 
is no direct information. The usual approach 4 to 
getting this input has been to use whatever K* and 
K~ nucleon scattering information is available, as 
sume charge symmetry and the validity of the op
tical model, and compute the regeneration phase. 
Alternatively, total cross section data for K* and 
K" nuclear scattering have been used to extract 
the imaginary part of the forward amplitude (again 
assuming charge symmetry), which is then com
pared with the magnitude of the regeneration am
plitude, also an absolute measurement.5 The re
generation phase is thereby determined, to within 
a sign. Clearly, the indirect nature of such phase 
determinations may lead to systematic errors 
whose magnitude is difficult to estimate. 

The first direct measurement of the regenera
tion phase was made by Bott-Bodenhausen et al? 
They utilized the fact that the &S=&Q rule per
mits only the decays tf°—irTV and K°- n+l~V. 
Therefore, as a K \ beam passes through material 
and a new admixture of K° and K" is created, a 
charge asymmetry among the leptonic decay prod
ucts results. This charge asymmetry has a 
damped sinusoidal dependence on the proper time 
downstream from the regeneration material. The 
period of the sinusoid is characterized by the 
K \-K°2 mass difference, and its starting phase is 
related to the regeneration phase. Depending on 
the regenerator me charge asymmetry can be made 
as large as 10-20%. This same method was sub
stantially extended by Bennett et al.,7 who, how
ever, did not have sufficient resolution, using only 
scintillation counters, to allow a full kinematic r e 
construction of each decay event. As will be shown 
later, the ability to reconstruct each event in the 
present experiment enables one to distinguish, in a 
statistical sense, between the various scattering 
processes, coherent, diffractive, and inelastic, 
which contribute differently to the charge asymme
try. 

The principal thrust of this experiment was to 
measure the proper-time distribution of the charge 
asymmetry of the KeS decay mode downstream from 
a regenerator and concurrently measure the struc
ture in proper time oi tiie 2ir riec«ty rate. To » 
first approximation, the phase difference of the 
two structures yields argv;^ _ . By performing both 
measurements in the same apparatus at the same 
time, one can hope to minimize many of the sys
tematic errors which frequently occur when infor-

, STROVINK, AND SULAK 

mation is obtained by combining the results of u, 
dependent experiments which measure different 
quantities under widely varying conditions. A ro-
ticular example of cancellation of possible sys. 
tematic errors in the present Ke3 and K„2 mea
surements is the insensitivity to the K\-K\ raa.ss 

difference. Since the 6 dependence is similar in 
the phases of the two decay modes, the sensitive 
of arg?7+. to 6 is very weak. In contrast, an al. 
ternative method 8 , s for the measurement of this 
quantity, based on the interference in the KI2 de
cay mode of the K \ and K % components of an ini
tial if0 beam, exhibits a strong mass-difference 
dependence (3° per 1% change in 5). This level of 
precision in 6 has been achieved only in completeh 
independent experiments. 1" 3 

H. APPARATUS 

The experiment was performed at the Alternant 
Gradient Synchrotron (AGS) at Brookhaven Nation: 
Laboratory. Included in the experimental progras 
was a measurement of the K°-Kl mass difference 
which has been described previously.3 The ex
perimental arrangement, consisting of a neutral 
beam and a magnetic spectrometer with wire-pla* 
spark chambers, was substantially the same as 
that used in the mass-difference experiment. Herr 
we will emphasize only the features especially im
portant for this measurement. 

In Fig. 1 is shown the layout of the spectrometer 
along with the three regenerator positions atwhici 
regenerator data were accumulated. Veto count*.' 
A moved with the regenerator. Comparable 
amounts of free decay data were taken with courts 
A at the 24-in. and 52-in. positions. Nominally 
the over-all coincidence-anticoincidence 
A-E-H- FL- FR-BL-BR-K (where the bar denote 
an anticoincidence) was required to trigger the 
spark chambers. For a majority of the run, the 
selectivity of the trigger for the Ke3 and KV2

 d e c l 

modes was enhanced, respectively, by the ad
ditional requirement of a Cerenkov signal or b? 
rough restriction of me pion transverse moment* 
The latter requirement was accomplished throat 
appropriate coincidences between an additional 
coarse-grained hodoscope 1 0 supplementing the 

BT and BB, and the front hodo-

ids*" 

back hodoscope, 
scope, Fz and FR . 

metryrequired a clean, charge-symmetric 
fication of that decay mode. Charge symmet1"* 
was ensured by ~500 field reversals during &'•"' 
ulation of data. Since the apparatus was de--
to possess full symmetry about the beam l i n e ' 
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4 .j r e versals were needed only w cancel any 
.-iidual bias. A A."̂  signature-.vas provided 

^Ttbe threshold Cerenkov counter, containing C0 2 

.-^cnhpric nressiire. With a muon threshold 
*"., ^ QeV/c, it was sensitive, in the momentum 
, ^-e of this experiment, only to electrons. A 
_mpie and compact design was made possible by 
-gicient detection of the Cerenkov light radiated 
^ e r a relatively short (28-in.) path length. The 
'••jiit was focused by spherical acrylic front-sur-
Hce mirrors u onto 5-in. photomultipliers1 2 with 
i u Dali photocathodes and extended UV sensitivity. 
-*e effective photocathode area was multiplied by 
additional front-surface glass mirrors lining pyr-
isridal light pipes. 

To maintain freedom from charge-dependent 
;us. it was especially important that the Cerenkov 
^rformance be uncorrected with the magnetic 
f:eld direction. The placement of the counter up
stream of the magnet made possible three features 
iesigned to remove mis kind of bias. First, the 
^lototubes were naturally located away from the 
aagnet to minimize the magnetic shielding prob
lem. Second, the phototubes lay in the median 
horizontal plane of the magnet, ensuring, by sym
metry, the absence of any fringe field component 
along their axes, a component that is extremely 

' difficult to shield. Finally, the particles producing 
the background counting rate had trajectories which 
were affected by only the fringe field of the mag-
set rather than by the full field integral, as is the 
ease when the counter is downstream of the mag-
oet. Many tests demonstrated a negligible effect of 
aagnet polarity on Cerenkov counter performance. 

III. ANALYSIS 

A. A.e3 Analysis 

The analysis of the Ke3 decay mode is substan
tially more complex than that of the Kn2 mode 
since only two of the three decay products are 
measured. The individual decay events can be 
fully reconstructed, to within the well-known two
fold momentum ambiguity, if the K direction can 
be assumed to be the same as that of the unscat-
tered beam. With the K direction not reconstructed, 
it is impossible, on an event-by-event basis, to 
separate the data originating from incoherently 
scattered K's from the data originating from 
strictly forward-going particles, i.e., the coher
ently scattered or unscattered K's. However, the 
kinematic information about each event is suffi
cient to obtain a statistical separation of data into 
subsets of varying enrichment of forward-going 
particles. This allows the use of an extrapolation 
procedure that extracts the values of the param
eters for the case of coherent regeneration. 

The regeneration phase was obtained from the 
observed Ke3 asymmetry according to the following 
considerations. We have mentioned that the pas
sage of the K\ beam through material creates an 
asymmetry between the K ° and K° components, 
accompanied by a charge asymmetry in the Kl3 de
cays because of the AS=AQ rule. In general, if 
we take a(r) to be the ratio of (mutually coherent) 
K? to K % amplitudes at a proper time T, the asym
metry between the e* and e~ rates is given by 

ICuTRON 
iTQR 

REGENERATOR 
POSITION 

0-WIRE SPARK CHAMBERS 
I-SCINTIILAT10N COUNTER 

'• 72DI8 
SPECTROMETER 

, MAGNET; 
SCALE (inches! 

• 1- View of spectrometer, showing magnet, wire spark chambers, trigger counters, Cerenkov counter, and 
generator. 
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m 
ft-fflt' 

R = {N+-N-)/{N++N-) 

(1 - | * i 2 )2Re(a ( r ) + e) 
| l - x | 2 - 4 I m x Im(a(T) + e) (1) 

Here 

a m p l i t u d e ^ ° - ir~e*v) 
% — . . . I 

a m p l i t u d e ^ 0 - i r " e + y ) 

paramet r izes the departure from the A S = A Q rule, 
and e parametr izes the depar ture of 

K\-
( l + e ) g ° + ( l - e ) g 0 

[2(1 + | e | 2 ) ] 1 / 2 

and 

«l' 
(l+€)K0-(l-e)K'> 

[2(l + |e| 2)] vr 
from pure CP eigenstates. Equation (1) has been 
car r ied to second order in the quantities a and x, 
with e a very small perturbation. In the case of 
coherent regeneration of K\'s from a K\ beam, 
we identify 

a ( r ) = p e - < i 6 + 1 / 2 ) T , 

where p is the coherent regeneration amplitude. 
The exponential factor expresses the attenuation 
of the K \ amplitude by decay and its shift in phase, 
relat ive to the K % amplitude, r K ° mean lives down
s t ream of the regenerator . Equation (1) becomes 

2(1 - [ * l 2 ) n p | e - T ' 2 c o s ( y p - 6 T ) + Reel 
[ ' ! l - * | 2 - 4 | p | I m * e - T / 2 s i n ( % - 6 T ) (2) 

For the case of purely coherent regeneration, Eq. 
(2) has the essential feature that the regeneration 
phase <pp is determined by the damped sinusoidal 
Ke3 asymmetry independent of a l l other nuclear pa
r a m e t e r s . 

The contribution of diffractive effects to the ob
served Ke3 asymmetry is readily understood by 
examination of the mathematical form of the asym
metry. Equation (1) emphasizes the fact that, by 
measuring an asymmetry in ra tes , one is sensitive 
to the ratio of the K ° to K % amplitudes. This ratio 
is the basic quantity of interest for any of the mu
tually incoherent scattering p rocesses which may 
occur. When events ar is ing from a number of in
dependent scattering p rocesses a r e combined, the 
result ing asymmetry is the sum of a collection of 
damped sinusoids, each with different amplitudes 
and phases, weighted by the fractional population 
of each p rocess . Accordingly, mutually incoherent 
types of diffraction and regenerat ion appear in the 
asymmetry formula to have regeneration ampl i 
tudes which add, as if the p rocesses were coher
ent. 

For a slab of thickness L, the coherent regen
eration amplitude p is given by 

_iTiNA\f(0)-f(0)] \ i_ e -«6+i/2>s/A| 
P k \ fFTi ( ' 

with N the number density of nuclei, A the K° 
mean decay length, k the K\ wave number, and 
f(0)[f(0)] the forward scattering amplitude f0r 

K° (K°) on Cu nuclei. The KI decay probability 
has been neglected, as has regeneration of K" 
from K \. Because the factor in curly brackets 
va r i e s with regenerator thickness, it is conven
tional to give resul ts for epp in t e rms of the reger,. 
eration phase <pf of a thin regenerator , 

cpf = zrg[i(f(0)-r(0))]. 

A fraction 

F = l-e-"L°D 

of the Ke3 decays a r e produced by K's which have 
been diffractively scat tered by the Cu nuclei, 
where aD is the diffractive scattering cross sec
tion. The regeneration amplitude for this process 
i s 1 3 

P'=P 1 - l - e - t f i o a a , '•e-'v'cosy'), 

with 

(? '=arg[(/(0) + / ( 0 ) ) A ] 

and cr r the total c ross section. The second term 
in (3), ar is ing from the regenerat ive amplitude 
[f(fi)-f(6)], has been simplified with applicatioc 
of the optical theorem and with the assumption 

r(6) = f(e)-f(9) 

= r ( 0 ) . <* 

(We discuss this assumption below.) Following 
the above prescription, the effective regenerate 
amplitude a including both the coherent and dif
fractive amplitudes becomes 

a(0) = (l-F)p + Fp' 

• iv> cos<p 

where £ is a correction factor introduced to ex
p r e s s apparatus discrimination against multipl' 
scat ter ing. 

A final contribution to the observed regeneraO* 
amplitude comes from the inelastic interact^" 
K%'s with the Cu nuclei. This effect is obsen* 
in the JTT;T" decay mode a s a wide-angle td.u -
"distribution of regenerated K \ ' s . Because ma* 
inelastic channels may contribute, we de
leave the magnitude and phase of the i n e l a 5 ^ • 
generation amplitude, relat ive to p, as fret r-

-gters in the fr 
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"? 's . Because "~ 
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-»ters in the fit. Independent consideration of 
«rt-'s scattered at wiae angle aiso remuvca ^U4u 
*, approximation in Eq. (4) that class of events 
L *hich it is least satisfactory. For transverse 
•omenta typical of nuclear diffraction, an optical-
^ e l calculation indicates that Eq. (4) is accurate 
3 better than 5%. The contributions of different 
jittering processes to the observed regeneration 
jspiitude are summarized by the vector diagram 
.pig. 2, where it is seen that, for <p'>0, the 
Misured phase is moved toward the imaginary 
a - j from the true regeneration phase. 
X total of 1 458118 events with Ke3 signature 

ave survived the event reconstruction. Each 
flent has a minimum of five geometrical con-
maints on its track reconstruction, in addition to 
streement with the condition of the trigger count
ers. Of the tota.1, 571 438 decays occurred without 
i regenerator present, while 886 680 took place 
srostream of a 9 i-in. Cu regenerator with down-
sream end 24, 38, or 52 in. upstream of the end 
ithe decay region (Fig. 1). Since the results are 
î hly consistent for all three regenerator posi-
•xcs, we shall discuss the combined data. Fig-
« s 3(a) and 3(b) show that a strong proper-time-
fcpendent asymmetry occurred in the presence of 
tw regenerator. In its absence, the residual 
:targe asymmetry 

Ro = 0.0038 ±0.0014 

ws consistent with that obtained in experiments 1 S 

fesigned to measure Ree. However, for the pur-
Jose of making a combined correction for appara-
*» asymmetry and for Ree, only this above value 
*ff,has been used, 
figure 3 (c) shows the ratio of total Ke3 decay 

-Re ( f - f ) 

INELASTIC 
REGENERATION 

- I m ( f - f ) 

I 
' ' <i\"' V e o t o r diagram showing the effective (/(0) 
••v. _ U 1 *he Kei mode. The corrections arise from 

"•= and inelastic regeneration. 

rate for me 38-in. regenerator position to that for 
Zxi 32-ir.. petition. Her? *t,° ^ n n e r (imp wa.s 
zeroed for both cases at a fixed point in space just 
downstream of the 38-in. regenerator position, 
rather than at a fixed distance from the regenera
tor. The data from the 52-in. position, because 
of the damping of the if J amplitude, normalize the 
dependence on proper time. As seen in the de
nominator of Eq. (2), the proper time structure in 
the total decay rate provides a measure of the 
imaginary part of the A 5 = A Q amplitude. The mea
surement yields a result of moderate precision, 

Imx =0.04 ±0.11. 
Before discussing in detail the compensation for 

incoherent regeneration, we consider the correc -
tion made necessary by the twofold ambiguity in 
reconstructed K momentum. All of the proper 
times have been assigned using the average of the 
two solutions. On the other hand, to treat momen
tum-dependent effects, the data have been binned 
in the smaller of the two solutions, in order to 
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FIG. 3. Proper-time dependence of the Ke3 charge 
asymmetry, (a) with and (b) without a 9-j-in. Cu regen
erator present, (c) The ratio of the proper-time distri
bution of the combined e* and e~ data taken with the re 
generator at the near position to that taken at the far po
sition. For part (c) the proper time has been zeroed at 
the near position for both distributions. 
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If 

establish a firm lower-momentum limit for each 
bin. Since the intensity of Kl's decreases with 
increasing momentum, the low-momentum solu
tion usually was more probable. Correspondingly, 
the mean value of the two solutions was, on the 
average, 1% higher than the true K momentum; 
the proper time was thereby systematically under
estimated. A correction for this effect proceeded 
in three steps. In the first, a Monte Carlo calcu
lation established the average relative probability 
of the high- and low-if-momentum solutions, as a 
function of their values. This probability was de
termined by the beam momentum and by the den
sity of the Dalitz plot in the region of each of the 
solutions. These results were used in the next 
stage to create an array of probabilities for r e 
distributing the events in their own and the neigh
boring proper-time bins. This was done as a func
tion of the assigned proper-time bin and of the 
number n of bins by which the proper times, com
puted according to the low- and high-momentum 
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FIG. 4. Distribution in A„ =pv (cm.) -Pv± for KeS data 

taken (a) without and (b) with the regenerator present. 
The dashed curve in (b) shows the regenerator data after 
subtracting the (normalized) free-decay distribution. It 
is to be compared to the Monte Carlo prediction (c) for 
the distribution in A„ of decays from diffractively scat
tered K's. Since the distribution in (c) is quite different 
from that in (a), the regions I-VI indicated at the top 
have varying contamination lrooi uiuouereuLi.y a^^ii^j.^^ 
events, making possible an experimentally based correc
tion f^.r the effect. 

solutions, would have been separated. Finally 
sample of events, with distributions in proper tire 
and in n identical to those of the final data sainpu 
were redistributed as described above, and the 

change in the fitted regeneration amplitude was 
computed. The process was iterated until the fit 
to the resulting asymmetry matched the fit to tht 
data. This procedure was consistent with a gen. 
eral policy of asking only specific questions of the 
simulation routines, while using the data them
selves to determine the corrections as much as 
possible. Over-all, the correction to the mea
sured phase for the reconstructed momentum am
biguity was -6.9°, with a 5.4% attenuation of the 
amplitude of the asymmetry. The former result 
is very close to the -7° shift in the phase at whick 
the asymmetry crosses zero, obtained when the 
1% difference between the true and the average of 
the high- and low-momentum solutions is used to 
correct the proper time. 

An appreciable statistical separation of those 
events originating from K's which had been scat
tered in the regenerator from those which were 
undeflected was possible through the use of the 
variable 

^v=Pv~Pvi.t 
where pv (pv±) is the momentum (transverse mo
mentum) of the neutrino in the K° rest frame. As 
is seen in Fig. 4(a), a significant fraction of the 
events from undeflected K's had transverse neu
trino momenta which were within -30 MeV/c of 
their maximum value. Comparison of these data 
with the events recorded with the regenerator in 
place [Fig. 4(b)] confirms the Monte Carlo predic
tion in Fig. 4(c) that the scattering disperses this 
sharp peak, substantially changing the shape of thi 
distribution. The range in A „ has been divided inc 
six regions, illustrated in Fig. 4 and enumerated 
in Fig. 5, which are populated with widely varyinf 
density by the scattered and unscattered data. For 
example, the diffractively regenerated data rep
resent a three-times-larger fraction of the total 
in regions IV and V than in region I, while the in
elastic regeneration is 30 times stronger in regi* 
VI than in region I. 

As a basic fitting procedure, the factor f in EQ-
(5) has been calculated for each &v region to take 
into account the relative population of scattered 
events. The effective regeneration amplitude has 
been applied to Eq. (2) (neglecting the Imx term1 

to predict the form of the asymmetry for a part** 
ular choice of me phase <pt and magnitude of 
f(0)-f(0). Since there is a correlation betvrt** 
\^ and the difference between high- and low-mo* 
mentum solutions, the additional correction n» 
the momentum ambiguity, outlined above, has 
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f .j. i:i the A„ regions, and the x 2 calculated. 
'a the scattering correct ions, the following nu-
•jjf parameters have been used at 2.5 GeV/c: 

jj,/cr r = 0.277 ±0.009, 

y=10°±3° . 

•^former value is based pr imari ly on two aux-
vjry measurements of c r r , l s and on the angular 
yo-ibution of K°'s regenerated by a | - i n . Cu r e -
aerator; the optical theorem also is applied. A 
Kcond evaluation has come from the comparison 
i ;t to the absorption c ross sections for K* and 
.;- in Cu measured by Cool et a / . 1 7 The parameter 
.•' lias been evaluated by measuring the ratio of 
aderent to incoherent K ° — n*n' decays down-
ceam of a 9j - in . Cu regenerator, extrapolated 
sthe forward direction. As originally pointed out 
srGood,18 this rat io is independent of nuclear 
^rameters for thin regenera to rs . However, 
6r thick regenerators , a near cancellation of in
herent regeneration amplitudes of the type in Eq. 
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*>G. g. Proper-time distribution of the Kg3 charge 
^Tnmetry for six regions of A„. (a) is the richest in 
jerently scattered events, followed by (b) and (c). 
-' =nd (e) a r e dominated by diffractively scattered events, 
,.."e ® i s r i o h ^ those which have been inelastically 
••'Sered. Proceeding from (a) to (c), the asymmetries 
^ s s zero at progressively earlier times.. This indicates 

necessity for a negative correction to the regener-
^ o n Phase observed in the combined data. The solid 
^ represent the best over-all fit to the data, with a 

ection for incoherent scattering appropriate to each 

i I 

(3) occurs, giving a reasonable sensitivity to <p'. 

ment with an optical-model calculation with a wide 
choice of input pa rame te r s . It should be noted that 
al l of the correct ions and fits performed in the Ke3 

analysis have been done a s a function of K momen
tum. In the case of the nuclear parameters , the 
optical-model calculations have served as a guide 
to the momentum dependence. 

The resul t of the over-al l fit to the regeneration 
phase is 

^ = -56.2 "±5.2° 

at 2.6 GeV/c, with a x 2 of 515 for 463 degrees of 
freedom. In this fit the inelastic regeneration a m 
plitude and phase, as well a s the magnitude of the 
coherent regeneration amplitude, have been treated 
a s free pa rame te r s . The e r r o r includes the co r 
relation with the uncertainties in these quantities, 
in addition to the e r r o r s in the nuclear parameters 
and in the free-decay asymmetry . If no correction 
for incoherent scat ter ing is made, the result is 

cpf (unc o r r ected) = -41 .6 ° ± 3.9 °. 

Therefore, a correct ion 

A ̂ ( s ca t t e r ing ) = -14 .6° ± 3.4° 

is due to the effects of incoherent regeneration. 
It can be seen in Fig. 5 mat the incoherent sca t 
tering does indeed produce this type of shift. Mov
ing from Fig. 5(a) to the A„ regions with greater 
contamination from incoherent scattering, the 
asymmetr ies c ro s s zero a t progressively ear l ie r 
proper t imes . In the fit, the inelastic regenera
tion accounts for 40% of A<pf. 

B. Kn Analysis 

To measure the regenerat ion phase using the 
charge asymmetry in the K,z decay mode, it is d e 
sirable to make the rat io p (the regeneration a m 
plitude) as large as possible . For 9£ in. of Cu, 
|pj ~ 0.1 . In the K„2 decay mode where the inter
ference between the regenerat ion amplitude and 
t) + _ is measured, the la rges t effects occur when 
\p\ is comparable to |TJ + _ | = 1 .9xl0~ 3 . This appar
ent incompatibility for the K^ interference par t 
of the experiment with the requirements for the 
Ki3 charge asymmetry measurement was handled 
in the following way. As noted earl ier , a portion 
of the data was collected with the 9£-in. Cu regen
era tor 52 in. from the end of the decay volume 
("far" position), and another portion with the r e 
generator 38 in. from the end of the decay volume 
("near" position). In both cases we considered 
only the KT2 decays occurr ing downstream of the 
38-in. position, which was arbi t rar i ly defined as 
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the zero point in proper time. With the regenerator 
in the near position, jpj is large compared to jn +_i 
and little interference is present . With the regen
era tor in the far position, however, the regen
erated K ° amplitude is attenuated through decay 
in the intervening drift space and maximum inter
ference effects occur downstream of the 38-in. 
point. The near-position data served, therefore, 
to effectively normalize the far-position data. 
This normalization procedure compensates for 
any variation in detection efficiency through the 
decay volume. The Kr2 decays originating from 
the regenerator in i ts far position and upstream 
of 38 in. did not, therefore, contribute to the final 
data sample. However, the Ke3 charge asymmetry 
data were drawn from the full decay region behind 
the regenerator in both positions. Another par t of 
the Kn2 data was taken with various thin regen
era tor configurations. These regenerators (al
ternatively { in., | in., and 1 in.) were situated 
upstream of counter A, set at 24 in. from the 
downstream end of the decay volume. Periodically 
they were replaced with a 9j- in . regenerator to 
provide normalization. The resul ts for the Kv2 

interference from the thin regenerator data a r e 
consistent with those obtained for the Kv2 in ter 
ference downstream of a 9 | -in. regenerator ("far-
near" configuration). Thereby, still another 
check on possible systematic biases is provided. 
We present he re only the resul t s from the lat ter 
data because they dominate statistically. 

The level of precision sought in this experiment 
requires especially careful attention to the p rob
lem of isolating the 2ir decays originating from un-
deflectedif ' s , which include the coherently r e 
generated K°'s and unscattered Kl's. After a cut 
on the invariant mass m* of the two pions, 484 
<m*<512 MeV, the background was evaluated from 
the distribution of events in t, the square of the 
momentum transfer to the regenerator . The usual 
technique is to assume an exponential dependence 
of the background on / and extrapolate the back
ground level found at large t to the region of the 
forward peak. While the diffractive scattering is 
justifiably treated in this way, the contamination 
from the /T 3 decay mode (the Ke3 contamination is 
removed by the Cerenkov signature) is not expo
nential in I, and, furthermore, is sensitive to the 

} = \v+_\2

 + p*e-(T"°) + 2\v+_\lp\e-lT^o>'*cos(cp 
l ' 7 + . | 2 + P 2 e - r + 2 i r ? + . 

mass cut. Moreover, the relative amounts of .-
background and diffractive scattering vary uv,-. 
the proper- t ime intervals measured in this ex-
periment. Consequently the background subtrac 
tion directly influences the main problem of the 
Kn2 portion of the experiment, i.e., the determi, 
tion of the forward 2TT rate a s a function of pronr-T' 
t ime . The A'M 3 background was subtracted by i\-
normalizing the number of free-decay Ku3's to •• 
number of unscattered Kll3s observed behind th--
regenerator . This normalization was done usir • 
the relative number of events for the two sample; 
of data in the region of invariant mass 360—43c 
MeV, well outside the K° mass , and correcting 
with the known rat io of scattered to unscattered 
K ° ' s behind the regenerator . The normalized / 
distributions for the free-decay data were then 
subtracted from the corresponding distributions 
obtained with the regenerator in place. The re
maining background events in the t distribution tf 
regenerator data were then fitted to an exponent^: 
and the subtraction performed as usual. 

As an independent check on the above procedure 
the background was subtracted by a second methot 
The shape of the undetected K„2 forward peak ic 
the t distribution was obtained from the data at 
small proper t ime where the background was min* 
mal . The shape of the K^t distribution was de
duced from a Monte Carlo calculation. Using ttie 
known rat io between the number of incoherently 
regenerated K °' s and K„ 3 ' s, a relatively short ex-
trapolation in / could be used. In particular the 
background was evaluated at 480 > t> 240 (MeV/c* 
and extrapolated to 240>*>0 (MeV/c) 2. The t dis
tributions were well typified by those already pub
lished 3 and a r e not reported here . The final re
sults, using the two completely independent back
ground-subtraction procedures, agree to within 1' 

The data were separated into 5 momentum bins 
over the region 1.5 < p < 4 GeV/c and 12 proper 
t ime bins each of width \TX . After background at
traction, the rat io of the number of 2n events ob
served in the far position of the regenerator to tin 
number in the near position was evaluated for eas 
momentum and proper - t ime bin. In each momet-
turn interval this ratio was then fitted, using lea-5" 
mean squares , to the function 

•cpa+5(T+Tn)) 

r,£b free-decay subt 
-ed over the m 

p\e-T/2cas(<p+_ -<pB + 5T) 

where T 0 is the proper- t ime interval between the 
two regenerator positions (e.g., r 0 = 2 . 7 5 a t 2 . 5 
GeV/c). Tne oacKgrounu L U C O U U 4 , %_• 

which employs the free-decay data subtracts e™ 
ar is ing from |?} + J 2 t e r m s . These te rms were 1 f 
iT.zl".?."'* ,r* ^° ^'^"•^occirin for F(T) when thfi " w 
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is usual. 
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ickground wasj 
stribution was; 
ulation. Usin^] 
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relatively sh( 
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50>f>240(MeJ 
MeV/c)2. The£ 
y those already^ 
ere. The finalj 
y independent! 
3, agree to wit 
} 5 momentum 
Ic and 12 proj 
,fter backgroan^ 
ier of 2ir events*^ 
,e regenerator!^^ 
is evaluated feCjB? 
in. In each m< „ 
m fitted, using *< 

• data subtracts 
hese terms « e r® 
• F[r) when the*?. 

•a free-decay subtraction were fitted. F(r) was 
i e r aged over the momentum band by weighting 
rth the observed momentum spectrum for the 2TT 
.-ecay events. Values for rj+ _, p, and 6 were de-
-ved from external sources. We have taken 
',_J = (1.95±0.03)x 10" 4 and 5 = -0.465±0.004, 
jd have calculated p (a function of momentum) 
30. published da ta l 9 on (/ ~f) as well as the data 
squired in the Ke3 part of this experiment. We 
.«pbasize that the result is extremely insensitive 
2 pi/|T) t_|. A 10% variation in this ratio leads 
^ 1 change in the measurement of cp+. - cp0 by less 
^n 3% of the statistical error. The final result 
i also highly insensitive to 5 over the range of its 
iccepted error. 
As an illustration of typical data we show in Fig. 

5 the proper-time distribution of the events taken 
u die near regenerator position in the K momen-
sm interval 2.4—3.0 GeV/c, which, as we have 
sted, is governed primarily by the K ° lifetime 
ad by the detection efficiency of the apparatus. 
figure 7 shows the time distribution of the ratio 
aween far and near regenerator data in the same 
amentum interval with the best-fit curve, <p+ _ 
-<?,=89.5°, given by the solid line. Fits 5.7° to 
«her side of the optimum are also shown. 

IV. RESULTS AND CONCLUSIONS 

tie particular strengm of the experimental ap-
Jfiach used here has been the ability to measure 
ancurrently all of the quantities needed for deter-

> 
a: 
uj 
1-
? I0 : 

10' 

5 
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PROPER 
2 
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4 
^ o p e r - t i m e distribution of K-2 events in the 

' : n wterval 2 .4 -3 GeV/c, collected with the 9 | -
"-•rator in its near position. 

mination of the TJ+_ phase. Since the phases ob
tained from the Ke3 asymmetry and from the Kv2 

interference have been combined, the possibility 
of systematic error is minimized. It is of interest, 
nevertheless, to compare the individual phases 
obtained in this measurement to those from other 
experiments. 

The result of this experiment for the regenera
tion phase in Cu at 2.6 GeV/c is 2 0 

^ , = -56.2 "±5.2°. 

This value includes a significant correction for 
diffractive and inelastic scattering, viz., 

^(uncorrected) = -41.6° ±3.9°, 

A ̂ (incoherent) = -14.6° ± 3.4°. 

The other direct measurement of this phase has 
yielded the result 7 

(^(uncorrected) = -44.4° ±7.3°. 
To this value the authors of Ref. 7 applied a -4.5° 
correction for incoherent scattering, using the a s 
sumption that only diffractive effects need be in
cluded and that / (0) is purely imaginary. We em
phasize that the correction for incoherent scatter
ing reported here has been determined primarily 
by examination of the data themselves, under con
ditions of varying enrichment of the coherently 
scattered events. 

Despite the ambiguity in reconstruction, it has 
been possible to divide the Ke3 results in Table 
1(a) into four partially overlapping K momentum 
bands, along with the individual results for <pt and 
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FIG. 7. Proper-time distribution of the ratio between 
far- and near-regenerator data, for events in the mo
mentum interval 2.4—3 GeV/c. The solid lir.e , : • - •.:-...• 
best-fit curve, <p + - — V/ = 89.5% and the dasheU itn*.-s 
give fits 5.7° to either side of the optimum. 
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(1 - ixj2)i/(0) + / ( 0 ) | A | l -x\2. The results are 
consistent with a constant regeneration phase and 
a slowly falling \f — f\ /k over the K momentum 
range 1.2-4 GeV/c. Recently, precise Klz data 
have been reported 2 1 which are consistent with 
exact AS = AQ selection; taking x = 0 and averaging 
over the entire momentum range of the present 
data, we obtain | / (0) - / (0) j / fe =26.1 ±1.1 mb at an 
average momentum of 2.6 GeV/c. 

Analysis of the Kv2 data yields (at the same aver
age momentum) 

<P^.-<Pf = 94.0° ±2.5°. 
This result is particularly insensitive to the value 
of |/(0) - / ( 0 ) | and is the same for two independent 
methods of background subtraction. The result 
for each of five momentum bands is shown in Table 
1(b); no substantial momentum dependence is evi
dent. Agreement with other measurements 2 2 ' 2 3 of 
the phase in this momentum range is good, with 
the present results dominating statistically. The 
results for <pf and for (<p+ _ - cpf) are exhibited as 
a function of momentum in Fig. 8, with the same 
curve (a fitted second-order polynomial in 1/p) 
drawn through each set of points. 

Combining the Ke3 and Kt2 data by subtracting 
the two curves in Fig. 8 yields the final result 

<p+_=36.2°± 6.1°. 

TABLE I. Dependence of measured phases on kaon 
momentum. 

< a ) * e 3 
resul ts 

(PK> 
(GeV/c) (deg) a 

( i -M 2 ) | / (0) - /<o) | / fe | i -* | 2 

(mb)b 

1.7 -56 .4±16 .0 27.1±4.9 
1.9 -72 .5±10 .0 29.2±2.6 
2.2 -55 .8± 8.5 27.3±2.0 
3.0 -54 .5± 5.9 25.1±1.0 

(b)/fT 2 results 
pK range 
(GeV/c) 

(<P+ - - <pf) 
(deg) 

1.5-1.9 H 4 . 5 ± 1 7 . 5 
1.9-2.4 96.0± 3.5 
2.4-3.0 89.5± 4.0 
3.0-3.7 91.6± 8.5 
3.7-4.5 90.0 ±20.0 

a An additional over -a l l e r r o r of ±3.4° applies to these 
values. 

hAn additional over -a l l e r r o r of ±0.7 mb applies to 
these values. The additional e r r o r s correspond to those 

pendent. 

T h i s r e s u l t is not exac t l y t he s a m e a s tha t oh--. 
by combining the two momentum-averaged phase" 
because of the slightly different momentum dis- " 
tributions of KeZ and K„2 data. For comparison 
the results of the two "vacuum regeneration" ex. 
perimentsB- 9 combined with the average of three 
recent measurements 1 - 3 of the K°-K° mass ciiffc. 
ence yield 

<i! + _=41.2 0 ±4.9 0 . 

Any theory (such as the superweak model) l i a ; ^ 
CP noninvariance to imaginary off-diagonal teres. 
in the self-energy matrix would require 

cp+_ = -tan(25) = 42.8°. 

Although the central value reported here is not tfc 
same, the size of the error prevents us from ral-
ing out this possibility. It should be recognized, 
however, that experimental bounds on CP nonin-
variance in the individual decay channels have ax 
yet ruled out a phase difference of order 0.1 rad 
from the superweak value. 
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made with an additional 5.183 g of material gave 
an asymmetry difference of (- 5.255±1.73)xl0" 3 . 
Assuming the mass asymmetry varies linearly 
with the additional mass, the correction for the 
293 mg of apparatus is (-0.297 ±0.10) xtO" 3, 
leading to a corrected lepton charge asymmetry 
of A L = (+3.33 ± 0.48) x l O - 3 . 

Calculations made with different values of the 
branching ratio for the K decay to muons and to 
electrons and for different form factors for the 
muon decays displayed no effect on AL beyond 
the statistical significance of the calculations of 
about ±0 .10x l0" 3 . Rather subjective tests were 
also made concerning the effect of small distor
tions of the data on the results; these were also 
negative to the same degree of accuracy. 

The result for the lepton asymmetry is in agree
ment with the value of (3.42 ± 0.06) x 10 ~3 for the 
asymmetry derived 1 on the basis that a CP-in-
variance violation in the KL° decays can be de
fined completely with the one parameter which 
describes the rate of transitions from K2° to Kx° 
states, a conclusion which follows from the su-
perweak model of CP-invariance violation. Here 
we accept the new value of 9 . 0 x l 0 " u for the Ks° 

mean life and use i771 = 2.35x 10~ 3. 
e branching ratio in KL° decays as 0. 
tribution of the muon decay mode to the i 
sured asymmetry is 43%. If the electroui 
metry is taken as the superweak value : « | L 
consistent with the measurements of this i S 
metry, the muon asymmetry measured Inty^ 
periment is (3.21 ± 1.15) x 1 0 ' 3 which doesij|ff 
agree with certain other measurements.* % £̂: 

*Work performed under the auspices of the 1 
ic Energy Commission. 

tNow at Schweizerisches Institut fur Nuklea 
Switzerland. 

tNow at CERN, Geneva, Switzerland. 
'Now at the University of Miami Medical Scb 

ami, Fla. 33124. 
'Previous work is reviewed by C. Rubbia,. 

ings of the Sixteenth International Conferencerpml 
Energy Physics, The University of Chicago < 
al Accelerator Laboratory, 1972, edited fay < 
son and A. Roberts (National Accelerator Labor 
Batavia, 111., 1973). 

2R. L. McCarthy et al., Phys. Rev. D 7, 68f\ 

Ke 30 Charge Asymmetry'1 

V. L. Fitch, V. Hepp,f D. Jensen, M. Strovink,J and R. C. Webb§ 
Department of Physics, Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 1 

(Received 26 October 1973) 

We have measured the charge asymmetry in Ke3° decay and searched for variations in 
the asymmetry across the Dalitz plot. Ascribing any variation to a T-noninvariant form 
factor, we find ImA. = 0.001* 0.025. The integrated asymmetry is (N+~N~)/(N++N~) 
= (3.18±0.38)xi0"3. 

; * * t : 

With CPT invariance the asymmetry in the dis
tribution of charges in three-body electronic de
cay of the KL° is 

6 = Ne

+-K- _ 2Ree i -^ + 5 F S ( r „ T e ) , 

where iVe

+ and Ne~ are the numbers of electrons 
of indicated charge, e is the customary CP-non-
conservation parameter associated with the mass-
decay matr ix, ' x is the ratio of AS = - AQ to AS 
= AQ amplitudes, and 5 F S (T,„ T e) is a term origi
nating from interference between t ime-reversa l -
noninvariant amplitudes and final-state (electro
magnetic) interactions between v and e at c m . 
energies T~ and T„. As demonstrated bv Okm' 2 

1524 ' 

and Ryan, 3 6 F S can be expected to be no mor 
than ~ 10" 3 a - 10" 5 if the experimental mea 
ment of 6 integrates uniformly over the Dali* 
plot. Notwithstanding the small size of this ia- 2 
tegrated effect, final-state interactions do pro
duce a modulation of the asymmetry across u*^ 
Dalitz plot of 0(a( T-noninvariant amplitudes)). ^ 
Since the experimental er ror in the determiw" 
tion of 5 is approaching 10 ~2a, neglect of <5FS 
the analysis of Kl3 asymmetry data is perhaps ^ 
no longer justified. Furthermore, as empha
sized by Bell and Zia. 4 the T-noninvariant for"" 
factor parameter, ImA, which is not other* ^ ,.,_ 
uniquely identifiable, reveals itself in a va»*£gs 
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The measurement was performed at the Brook-
uven National Laboratory alternating-gradient 
,-rnchrotron in a neutral beam produced at 20° 
s 29-GeV/c protons incident on a BeO target. 
:>,e configuration of the apparatus was similar 
rchat used in previous experiments. 6 A plan 
-.ew of the experimental gear is shown in Fig. 1. 
"̂ e main change in the apparatus for the present 
•speriment was the replacement of wire spark 
"ambers with multiwire proportional chambers 
3 decrease dead time and reduce the frequency 
i accidental t racks . 7 Other especially relevant 
atures follow: The signal-wire spacing in the 
aiitiwire proportional chambers was £ in. Rel-
cively coarse spatial resolution was adequate. 
Correspondingly, to conserve electronics, the 
agnal wires were tied together in groups of six 
a nine for readout. Horizontal information alone 
ns recorded. The spectrometer magnet was 
st at p ± = 116 MeV/c. The Cherenkov counters 
"# electron identification used C 0 2 at atmospher-
: pressure as the radiator. These counters 
*ere placed between the decay volume and the 
^gnet so that, with the reflective optics, the 
"wtotubes were naturally positioned away from 
-e magnet. Furthermore, the axes of the photo-
-bes were placed in the median horizontal plane 
; the magnet to minimize axial magnetic field 
"mponents, which are difficult to shield against. 
The most precise previous measurements of 

' a A ' i 3 charge asymmetry 8 " 1 0 included systemat-
"orrections almost as large as the measured 

;;u<?. These corrections were due largely to 
- difference in absorption of n+ and n~ mesons 
the mass of the detector. To reduce these dif-

'•"sntial absorption effects, careful attention 
i s given to averaging the isospin content of the 
i s s in the detector to zero. In addition, the 

mass was reduced to the greatest extent pr.ss:::!'--. 
~. n1. tlv ,i"ovacrc cic^ci'.' Toint it was 0.637 se'em2. 
To correct experimentally for absorption effects, 
mo m « 5 nf the detector was increased to 2.49 
and 4.78 g 'em 2 , by replacing rle with air and 
adding thicknesses of carbon, Plexiglas, and 
Aclar. 1 1 The spatial distribution of the additional 
mass and its isotopic constitution followed the 
minimum-mass configuration as closely as pos
sible. The largest departure from spatial scaling 
came in the Cherenkov counter where the 0.150 
g/cm 2 of CO, was scaled upward by placing car
bon before and after the 75-cm-long counter. 

In the course of the experiment, ~ 10 s events 
of all mass configurations were recorded in 500 
magnetic field reversals . After momentum, fidu
cial volume, and trajectory cuts, and elimination 
of events involving anticoincidence-counter sig
natures, approximately 4 x 10 7 events acquired 
in the minimum-mass configuration remained. 
These events were divided into two classes: 
(1) where the two charged particles diverged from 
each other in the magnetic field of the spectrom
eter, and (2) where they converged. The gross 
asymmetry from combining both classes was 
5 = (3.45±0.23)x 10" 3 . However, the measured 
asymmetry for these two classes of events dif
fered by A6 = (1.64±0.53)x 10 " 3 . A detailed ex
amination of the data revealed that the difference 
in the result for the two classes was due to a 
small change in the relative sensitivity of the 
Cherenkov counters on magnetic field reversal . 1 2 

Such a change required the presence of an axial 
magnetic field component at the position of the 
Cherenkov counter phototubes, probably caused 
by small departures from complete magnetic 
symmetry about the median horizontal plane. 
With significant loss of statistical accuracy this 
problem was eliminated by dividing the data into 
small elements of "Cherenkov phase space," i.e., 
elements of electron-trajectory position and 
angle, in the region where the electron crossed 
the Cherenkov counter. 1 3 In each of these ele
ments, asymmetries of diverging and converg
ing events were computed separately, and the 
two asymmetries averaged with equal weight. 
The final result is the weighted mean of the re
sults from all the elements. The consistency 
of the data is good, x2 = 62 for 79 degrees of 
freedom. The intrinsic apparatus asymmetry, 
as measured by the number of electrons or. the 
right and left, is 

(NR - NL)/(NR +NL) = (4.32 ± 0.32) x 1 0 ' \ 

1525 
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FIG. 2. The asymmetry 6 = {N*-K~)/(N++N~) as a 
function of the detector mass. 

The events obtained in the m i n i m u m - m a s s con
f igurat ion w e r e t ransformed to the c m . sys t em 
us ing for the momentum of the K the vis ible m o 
mentum along the beam ax i s . The resu l t ing Dal-
i tz plot was divided into eleven e lements , a num
b e r cons i s ten t with the m e a s u r e m e n t resolu t ion 
and the accu racy int r ins ic to the t rans format ion 
to the c m . , a s confirmed by Monte Car lo ca lcu
la t ions . The a s y m m e t r i e s in these e leven e l e 
m e n t s a r e a l l highly consis tent with the mean, 
X2 = 4.2 for 10 deg ree s of freedom. The re fo re , in 
the absence of any evidence for f ina l - s ta te i n t e r 
ac t ion effects, we a r e justified in combining the 
da ta from al l regions of the Dalitz plot without 
r e g a r d to the var ia t ion in de tec tor sensi t iv i ty 
a c r o s s the plot. 

F i g u r e 2 shows the measu red a s y m m e t r y a s a 
function of m a s s . The assumpt ion of a l inea r 
m a s s effect i s c lea r ly justified and the data a r e 
accord ing ly extrapola ted to ze ro m a s s . The r e 
sul t i s 6 = ( 3 . 0 6 ± 0 . 3 8 ) x l 0 " 3 with a s lope of (0.70 
± 0.18) x 10" 3 g" 1 . This measu red slope i s con
s i s t en t with the calculated slope of 0 .55x 10 " 3 

g" 1 obtained f rom knowledge of T + - and w~-nu-
cleon and pos i t ron-annih i la t ion c r o s s sec t ions . 
C o r r e c t i o n s to the a s y m m e t r y for background 
and an t i - coun te r inefficiencies total (0 .12±0.05) 
x 10" 3 . The r e su l t i s 

5 = ( 3 . 1 8 ± 0 . 3 8 ) x 10" 3 . 

Recent e x p e r i m e n t s sugges t that the o lder va l 
u e s of | I J + . I w e r e low by ~ 1 4 % . 1 4 ' 1 5 Assuming 

m a t r i x ( e ' = 0), the pred ic ted 6's f rom the old and 
now values of ;,-,.,_; a r e , respec t ive ly , 6=2.8C 
x 10" 3 and ? = 3 .32x 1CT3. 

Re turn ing to the question of an a s y m m e t r y v a r 
ia t ion a c r o s s the Dalitz plot, we have fitted the 
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data with the model of Bell and Z ia 4 in which tbr 
T noninvar iance is incorpora ted in an imaginar-. 
component of the form-fac tor p a r a m e t e r A. \V, 
find ImA = 0.001 ± 0.025. It is in te res t ing that th-
re la t ive ly c o a r s e Dal i tz-plot information availa
ble in this exper iment leads to a l imi t on ImA. 
which i s much s m a l l e r than could have been de
tected a s a quadra t ic effect in the experiments 
specif ical ly devoted to X. 1 6 

Alternat ively , Brod ine 5 has shown that an imag
inary x coupled with dif ferences in the form fac
t o r s for the AS= AQ and AS= - AQ hadronic cur
r en t s l eads to var ia t ions a c r o s s the Dalitz plot 
s im i l a r to those produced by ImA.. However, if 
we a s s u m e that the fo rm-fac to r difference appro* 
i m a t e s A itself (0.025), and u s e the present upper 
l imi t on llmxl (0.04), we find that the possible 
contr ibution to the a s y m m e t r y from A S = - AQ 
T-noninvar ian t effects i s equivalent to only 4% 
of our e r r o r in m e a s u r i n g ImA. Therefore , any 
a s y m m e t r y va r ia t ion a c r o s s the Dali tz plot ob
s e r v e d with the sensi t iv i ty of th i s experiment 
would be m o r e na tu ra l ly a s c r i b e d to nonzero Inu. 

We a r e highly indebted to the a l ternat ing-gra
dient synchro t ron staff and our shop personnel 
for splendid cooperat ion, and to V. M. Bearg 
and A. David for unfailing a s s i s t a n c e in the data 
a n a l y s i s . 
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Igecause of the normalization procedure a previous 
-riment utilizing charge asymmetries (Ref. G) would 
'have been sensitive to this systematic effect. 

%fhis procedure was made possible by the fact that 
ron trajectories within the Cherenkov counter 

to a first approximation, independent of the sign 
! electron charge. The relative numbers of in-
ut-bending events varied widely over the aperture 
Cherenkov counters. It was for this reason that 

the averaging was done over relatively small elements 
of "Cherenkov phase space." 

1 4 D. Dorfan et ah, Phys. Rev. Lett. _30, 876 (1973). 
, 3 P . Steffen et al., reported by C. Rubbia, in Proceed

ings of the Sixteenth International Conference on High 
Energy Physics, The University of Chicago and Nation
al Accelerator Laboratory, 1972, edited by J. D. Jack
son and A. Roberts (National Accelerator Laboratory, 
Batavia, 111., 1973), Vol.4, p. 157. 

Measurement of p +p ->• p + X between 50 and 400 GeV* 

K. Abe, T. DeLillo, B. Robinson, and F. Sannes 
Rutgers University, New Brunswick, New Jersey 08903 

and 

J. Carr, J. Keyne, and I. Siotis 
Imperial College of Science and Technology, London SW7, United Kingdom 

(Received 17 October 1973) 

We present measurements of the invariant cross section for the inclusive reaction p +p 
— p+ Xin the region 0.14<|i |<0.38 GeV2, 100<s<750 GeV2, and 0.80<x<0.93. 

recent Letter 1 we presented the f irst r e -
of our study of the reaction 

'+p~t>+X ( 1 + 2 - 3 + J O (1) 

the internal H 2 jet target at the National 
lerator Laboratory (NAL). The results of 

confirmed the phenomenon of diffractive 
tion of the target (beam) particle into high 

ses, f irst observed at the CERN intersecting 
ge rings (ISR). 2 Furthermore, by studying 
nergy dependence of Reaction (1) for 40 ^P1 

GeV we established the presence of a large 
independent component which we identi-

>with a nonvanishing triple Pomeron coupling 3 

lues of the momentum transfer t= - 0.33 
0.45 GeV 2. The results presented here ex-
ur previous measurements to lower / val-
0.14 GeV 2) and higher energies ( P x = 4 0 0 
The experimental setup i s s imilar to the 

r experiment which i s described in Ref. 1. 
in modification consisted in replacing the 

sorbers which determined two momentum 
Is for the recoil nucleon by a total-ab-
>n scintillation counter. The energy and 

of the recoil particles are measured by 
^yjLheight in the 20 -cm- long absorpt ion count-
"^*n<J t ime of flight over 18C cm. The resulting; 

plot of pulse height versus time of flight 
o distinct bands corresponding to recoil 

'is and pions. The pulse-height information 

i s used only to remove pions. The remaining 
events in each 0.7-nsec-wide time-of-fl ight bin 
are summed over pulse height and represent the 
number of protons over the corresponding four-
momentum transfer interval. This procedure 
avoids the loss of proton events through interac
tions in the absorption counter which lead to in
ferior pulse heights. We applied a small t-de-
pendent correction to the raw data in order to 
take into account the loss of events through mul
tiple Coulomb scattering in the material in front 
of the total absorption counter. This effect was 
calculated by a Monte Carlo program and checked 
empirically by varying the amount of material b e 
tween the target and absorption counter. The 
correction amounted to an 8% increase at our 
lowest \t\ value and was negligible for U |>0 .28 
GeV 2. 

Our results are expressed in terms of the in
variant cross section scPo/dtdM2 which is a func
tion of the three Lorentz-invariant quantities 1 

mmpx. 
s—2mEu 

t = -2m{E3-m), 

(2a) 

(2b) 

- ^ 
where s, ;, and Mx~ a r e tnt s q u a r e s oi the een-
t er -o f -mass energy, the four-momentum trans
fer, and the miss ing mass , respectively. The 
angle between incident and recoi l proton is tt3 

\\7 
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Product ion of Hadrons with Large Transverse M o m e n t u m at 200 and 300 G e V * 

J. W. Cronin, H. J . Frisch, and M. J. Shochet 
The Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637 

and 

J. P. Boymond, P. A. Piroue, and R. L. Sumner 
Department of Physics, Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08540 

(Received 16 October 1973) 

Differential cross sections as a function of transverse momentum are presented for the 
production at ~ 90° (in the c m . system) of ir*. Kk, p, and p in />-nucleus collisions at in
cident proton energies of 200 and 300 GeV. 

Investigations of large-transverse-momentum 
(px) phenomena are interesting because of their 
possible relation to basic processes at small d i s 
tances. Experimentally, it had been known1 for 
some time that the pL distributions of long-lived 
particles produced in high-energy hadron colli
sions were falling off exponentially (e'il>i-), with 
the average transverse momentum (/>_,.) = 0.3-0.5 
GeV/c, independent both of the secondary-parti
cle energy E and of the c m . energy -is of the col
lision. Recent measurements 2 at the CERN inter
secting storage rings (ISR) have in general con
firmed these (p±) values. However, at highp^ 
(>3 GeV/c), a much more copious pion produc
tion has been observed 3" 5 than predicted by the 
extrapolation of the data at small p± (<1 GeV/c). 

In an experiment at the National Accelerator 
Laboratory (NAL) we have measured, as a func
tion ofp±, the invariant cross section E dcr/d?p 
for the production of ir 4, K*, p, and/T in/>-nucleus 
collisions at incident proton energies of 200 and 
300 GeV. The measurements were made in the 
region of 90° in the c m . system of the incident 
proton and a single nucleon at rest . 

Figure 1 shows a schematic view of the appara
tus. The NAL proton beam, extracted from the 

main ring and transported ~1.1 miles away to the 
target box of the proton east laboratory, impinged 
on a 2-in.-long, £-in.-diam tungsten target. Par
ticles emitted at 77 mrad (~ 90° in the proton-nu-
cleon c m . system) relative to the direction of 
the incident proton beam traversed an ~330-ft-
long magnetic spectrometer consisting of a quad-
rupole doublet, two collimators, two bending 
magnets, and four scintillation hodoscopes Ux-Hv 

The momentum acceptance was 10% with a solid 
angle AS2 = 17 Lisr. Each hodoscope consisted of 
a 4-in.-wide, 2-in.-high, i - in .- thick trigger 
counter (A) followed by an array of five horizon
tal and seventeen vertical \-in. -thick scintillator 
channels. This arrangement allowed us to deter
mine the momentum of individual events to with
in ± 1%, and to reconstruct the position of each 
track at the target to within ±0.4 in. horizontally 
and ± 0.08 in. vertically. This check was essen
tial at high momentum to eliminate background. 

Particles were identified in the Cherenkov coun
ter located between H3 and H4. It was an 80-ft-
long, 1-ft-diam stainless-steel tube with nonre-
flecting walls, bolted to a 6-ft-long, 2-ft-diam 
optical section in which the Cherenkov light was 
split into two channels (0-9 and 9-38 mrad), and 

Verticolry Horizontol 
focusing 

quodrupoies .1 
Torget- \ r77mr 

NAL 
extracted 
proton 
beom 

Verticol 
collimator 

collimator 
rBend magnet 
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!6mrJ 
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focusing 
quadrupoles 

A-1 

^ H - l 
v Shielding 
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FIG. 1. Experimental arrangement. 
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TABLE I. Invariant cross section per nucleon (see text), Eda/d^p (cm2 GeV" 2), for ir* mes
ons produced at ~ 90° c m . in p-W collisions, and particle ratios at 200 and 300 GeV incident 
proton energy. At eachp± value the top line refers to TT+, A'+/7r+, and P/K+, respectively, and 
the bottom line to 7r", A'"/71"", and p/ir'. Errors on the cross sections do not include the un
certainty in the absolute calibration. 

px 
2 0 0 G E V 300 ;EV 

(GeV/c) Bto ( iO/d 3 p X/lt 9/ IT Edo(n>/d 3 p </» PA 

0.76 (2.69 
(2.08 

i 0.13) 
0.10) I D " 2 7 0.33 

0.23 ~ 0.05 
0.03 

0.37 
0.041 . 0.05 

0.003 
(2.89 
(2.55 

t 0.14) -27 
0.13)* i U 

1.14 (3.96 
(3.21 

i 0.201 
0.16)* l O " 2 8 0.358 

0.165 
t 0.029 

0.013 
0.646 
0.104 

s 0.007 
0.002 

(4.14 
(4.12 j 0.21) -28 

0.20)* i u 

1.53 (6.04 
(5.31 

i 0.30) 
0.27) l O " 2 9 0.331 

0.186 
i 0.020 

0.011 
0.824 
0.106 

^ 0.009 
0.002 

(6.26 
(7.07 

i 0.31) -29 
0 .35)* i U 

0.343 
0.201 

• 0.021 
0.012 

0.647 
0.127 

i 0.007 
0.002 

2.29 (2.56 
(2.o3 I 0 . 1 3 ) y 

0.10)* 1 0 " 3 0 0.434 
0.204 

t 0.021 
0.010 

1.020 
0.093 • 

0.011 
0.003 

(2.95 
(2.97 

i 0.15) -30 
0 .15)* 1 U 

0.421 
0.231 * 0.018 

0.010 
0.871 
0.124 i 

0.009 
0.002 

3.05 (1.25 
(0.98 i 0.06) 

0 .05)* i o - 3 1 0.485 
0.201 

t 0.015 
0.006 

1.093 
0.076 I 0.011 

0.001 
(1.77 
(1.59 

i 0.09) 1 Q - 3 1 
0 .08)* i U 

0.514 
0.260 

± 0.015 
0.008 

0.871 
0.104 

± 
± 

0.004 
0.001 

3.81 (6.77 
(5.01 

t 0 . 3 4 ) v 

0.25)* i o - 3 3 0.522 
0.191 I 0.024 

0.007 
1.07 
0.044 i 

0.02 
0.003 

(1.35 
(1.14 I 0.07) -32 

0.06)* 1 U 

0.532 
0.214 

0.020 
0.008 

0.816 
0.069 

± 0.013 
0.003 

4.58 (3.86 
(2.85 i 0 . 1 9 ) v 

0.14) 1 0 " 3 4 0.536 
0.170 

i 0.033 
0.014 

1.11 
0.033 ; 0.03 

0.003 
(8.78 
(8.46 I 0.42) -34 

0 .46)* 1 U 

0.531 
0.205 • 

0.022 
0.008 

0.742 
0.043 ± 

0.015 
0.002 

5.34 (2.38 
(1.65 

i 0 . 1 2 ) v 

0.08)* i o - 3 5 0.64 
0.15 * 0.07 

0.03 
1.09 
0.029 

t 0.07 
0.014 

(9.45 
(6.99 I 0.57) u - 3 5 

0.34)* 1 U 

0.50 
0.19 

± 0.06 
0.02 

0.67 
0.039 * 0.05 

0.007 

6.10 (1.30 
(1.06 

i 0 . 1 9 ) y 

o . l 2 ) * l O " 3 6 0.55 
0.08 

t 0.19 
0.07 

0.98 < 0.17 
0.01 

(9.82 
(7.42 I 0.61) -36 

0 .53)* 1 U 

0.55 
0.16 

+ 
+ 

0.08 
0.02 

0.52 
0.023 ± 

0.05 
0.006 

6.87 (6.6 
(5.2 t 

1.7 ) v 

1.6 ) * I O - 3 3 

7.25 ( 
(1.6 ± 0.9 ) * I O - 3 8 

7.63 (6.9 
(8 .1 t 

2 .0 ) -38 
2 .1 ) * 1 0 

focused on 2-in. photomultipliers (RCA 3100 M). 
Depending on the momentum and the particle 
type the counter was filled either with He or C 0 2 

at p ressures ranging from ~0 to 10 atm. 
A charged particle was signaled by the coinci

dence A1A2A3A4. Information from the counters 
was fed to a PDP-9 computer. The hodoscope in
formation was used to reconstruct particle tracks 
through the spectrometer back to the target. 

The proton beam striking the target was moni
tored by two three-counter telescopes located at 
90° relative to the direction of the incident proton 
beam and directed at the target. The absolute 
calibration of the monitors against the proton 
beam intensity was done in two ways (radiochemi
cal and ion chamber). However, while the re la 
tive accuracy of the monitors was better than 5%, 
their absolute calibration was estimated to be 
known only to ~ 50%. 

We measured the particle yields at laboratory 
momenta ranging from 10 to 100 GeV/c, co r r e 
sponding to/>x = 0.76 to 7.6 GeV/c. In order to 
handle the high counting rates encountered be
low 40 GeV/f, smaller trigger counters were 
used and the hodoscopes removed. Accidental 
coincidences, monitored continuously, were 
found to be negligible except at high momenta 
(>70 GeV/c) where the requirement that the ob

served events originated in the target was essen
tial in the elimination of this background. The 
data were corrected for nuclear absorption and 
multiple Coulomb scattering in the apparatus 
(significant only below 20 GeV/c), and, when ap
propriate, for particle decay. 

The particle yields were converted into equiva
lent cross sections inp-nucleon collisions by 
using the following formula: 

do o,,(yield per incident proton) 
' <PP p2(£iSiAp/p)f 

where p denotes the lab momentum, <JP the proton-
nucleon total cross section which we took to be 
40 mb, and / is the fraction of incident protons 
interacting in the target . 8 Using an absorption 
cross section in W of 1635 mb, one obtains, for 
a 2-in. target, / = 0.41. The quantity AQ&p/p 
= 1 .7x l0" 6 , the spectrometer acceptance, was 
calculated by Monte Carlo techniques. 

The production cross sections for TT*, and those 
for 1C% p, and p relative to pions of the same 
charge, a re listed as a function of px in Table I. 
In Fig. 2 we have plotted, as an illustration, the 
T;" cross section againstp ± at both incident pro
ton energies. (The TJ+ cross section has similar 
behavior.) We observe a falloff with£ ± which is 
slower than exponential, and an energy depen-
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FIG. 2. Transverse-momentum distribution of *" 
mesons produced at ~ 90° c m . in^-W collisions at in
cident proton energies of 200 and 300 GeV. 

dence which, though very small at lowp x , be
comes stronger as px increases. This is in quali
tative agreement with the work of the Saclay-
Strasbourg group, 3 and of the CERN-Columbia-
Rockefeller group 4 at the ISR. 

Most of the theoretical models 7 which have 
been proposed predict for the single-pion inclu
sive cross section at ~90° c m . a behavior, at 
high/>j., of the form g(s)f(xx), where g(s) is 
some function (generally a power law) of s, the 
square of the c m . energy of the collision, and 
f{xx) is a function of the scaling variable xx = 2px/ 
Vs. If our pion data can indeed be expressed in 
such a form, then the logarithm of the cross sec
tion plotted against xx at both c m . energies (19.4 
and 23.8 GeV) should yield parallel curves, in
dependent of the absolute calibration. Figure 3 
shows that this is approximately so only at large 
xx (>0.4) where, for example, the form s" 5 - ' 
xexp(-36Xj.) is found to give a good representa
tion of our data. At low ,v± (<0.3), however, the 
curves become slowly steeper as Vs increases 

O.I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

FIG. 3. The average of the ** and ir" invariant cross 
sections versus xx=2px/Vs at various c m . energies. 
The data at Vj» = 23.5, 30.6, 44.8, and 52.7 GeV are 
those of Ref. 4 and refer to r". The discrepency be
tween the data at 23.8 and 23.5 GeV should not be con
sidered significant. 

(the higher-energy curves a r e the ISR n° data 4). 
The K*, p, and p yields relative to pions are 

displayed as functions of xx in Fig. 4. With the 
exception ofp/n* the ratios do not change drama
tically with incident proton energy. In fact, for 
xx >0.4 the ratios are , to a good approximation, 
independent of energy. Forpx >3.0 GeV/c the 
ratios of heavy particles (K1, p, p) to pions do 
not increase v/ithpx as suggested by measure
ments at the ISR at lower px.s As xx is increased 
from 0.2 to 0.5 the ratios K'/K* zndp/p decrease 
by factors of ~2 and ~4, respectively. This is a 
feature qualitatively similar to that found in had-
ton production at small xx and large x = 2/>ai •<. 

Finally it should be mentioned that auxiliary 
measurements made with beryllium and titanium 
targets established that none of the important fea
tures observed in tungsten was dependent on 
atomic number. 
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FIG. 4. Particle abundance relative to pions versus 
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A new theory of closed orientable superstrings is constructed as a chiral combination of the 
closed D = 26 bosonic and D = 10 fermionic strings. The resulting ten-dimensional theory is N = 1 
supersymmetric, Lorentz invariant, and free of tachyons. An alternate formulation where sixteen 
of the bosonic coordinates are replaced by fermionic coordinates is presented and used to construct 
a manifestly Lorentz covariant and reparametrization invariant action for the theory. The theory 
is consistent only for gauge group Spin(32)/Z 2 or E 8 x E 8 . 

1. Introduction 

Contemporary attempts to construct unified field theories have largely focused 
on the search for new and hidden symmetries of nature. The most promising of 
these are based on the beautiful supersymmetric extension of Poincare invariance 
and on the revival of the ideas of Kaluza and Klein of hidden, compact spatial 
dimensions. These ideas have the potential of providing a framework for a truly 
unified theory of gravity and matter, which can provide an explanation for the 
known low-energy gauge theory of matter and predict its full particle content. Within 
the framework of ordinary field theory, however, these attempts have reached an 
impasse. First, they do not provide a cure for the nonrenormalizability of quantum 
gravity. Therefore new physics must appear at the Planck length. Even if one ignores 
this problem and focuses on the low-energy structure of such theories, it appears 
to be impossible to construct realistic theories without a great loss of predictive 
power. In order to generate the observed spectrum of chiral fermions it appears 
necessary to retreat from the most ambitious Kaluza-Klein program, which would 
uniquely determine the low-energy gauge group as isometries of some compact 
space, and introduce gauge fields by hand [1]. Finally no realistic and compelling 
model has emerged. 

String theories offer a way out of this impasse. They are based on an enormous 
increase of the number of degrees of freedom, with a corresponding enlargement 
of the symmetry group of nature. It has been clear for some time that the ten-
dimensional superstring provides a consistent, finite theory which has as its low-
energy manifestation ten-dimensional supergravity [2]. However, in order to generate 

* Supported in part by NSF grant PHY-80-19754, and DOE contract DE-AC02-76ER03072. 
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the observed chiral fermions one must start with a chiral string theory which has 
potential anomalies. Until recently the only known anomaly-free chiral superstring 
theory was that of orientable, type II, N = 2 supersymmetric closed strings [3]. This 
ten-dimensional theory does not contain Yang-Mills interactions; it is unlikely that 
they, together with the known fermions, could emerge upon compactification. The 
recent discovery that nonorientable, type I, open and closed superstrings with N = 1 
supersymmetry are finite and anomaly free if the gauge group is SO(32) [4] has 
increased the phenomenological prospects of unified string theories. 

The anomaly cancellation mechanism of Green and Schwarz can be understood 
in terms of the low-energy field theory that emerges from the superstring, which is a 
slightly modified version of D — 10 supergravity. The dangerous Lorentz and Yang-
Mills chiral anomalies cancel if and only if the gauge group of the theory is SO(32) 
or E g x E 8. The ordinary superstring theory cannot incorporate E 8 x E 8. However 
the apparent correspondence between the low-energy limit of anomaly-free super-
string theories and anomaly-free supergravity theories suggests the existence of a 
new kind of string theory whose low-energy limit would contain an E 8 x E g gauge 
group. This is the motivation that led to the construction of the heterotic string. It 
is of more than academic interest to construct such a theory, since the phenomeno
logical prospects for an E 8 x E 8 theory appear to be much brighter. 

In the standard formulation of string theory gauge groups are introduced by 
attaching (Chan-Paton) labels to the edges of open strings [5]. This procedure can 
only yield, in a consistent theory, the gauge groups SO(N) and Sp(2JV); it cannot 
produce Eg x E 8 [6]. Alternatively one might hope to obtain a gauge group from the 
compactification of a closed string theory, a la Kaluza-Klein. Such a possibility 
was suggested to us by the construction due to Frenkel and Kac of representations 
of Kac-Moody algebras in terms of string vertex operators [7]. The heterotic string 
theory is a theory of closed strings, in which the compactification of sixteen internal 
dimensions produces the gauge group SO(32) or E 8 xE 8 * . 

Another motivation behind the construction of the heterotic string was the search 
for new consistent string theories. Previously known string theories are the bosonic 
theory (the Veneziano model) in 26 dimensions and the fermionic, superstring theory 
in ten dimensions. The new string theory is constructed as a chiral hybrid of these. 
The possibility of doing this for closed strings becomes evident once one realizes 
that the physical degrees of freedom of closed strings are two-dimensional massless 
fields - the transverse coordinates (and their supersymmetric partners) of the world 
sheet of a propagating string. These fields can be separated into right and left movers, 
even in the presence of string interactions. 

For the consistency of the string theory it is necessary and sufficient that each 
sector be separately consistent. Thus the heterotic string is constructed as a combina-

* The observation that rank 16 is equal to the difference of the 26 dimensions of the bosonic string 
theory and the 10 of the superstring was made by Freund [8]. 
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tion of the right-moving coordinates of the ten-dimensional superstring and the 
left-moving coordinates of the 26-dimensional bosonic string. This yields a theory 
which is Lorentz invariant in D = 10 and which has appealing features not found 
in either theory separately*. 

In this paper we shall construct in some detail the free heterotic string. In sect. 2 
we present an operator construction using light-cone gauge quantization. Much of 
this is simply putting together the bosonic and fermionic string components. The 
new feature is the treatment of the 16 internal, left-moving, bosonic coordinates. 
We show that these must, for consistency, be compactified on a particular torus. 
This compactification leads to a set of 496 massless vector bosons. Some of these 
(16) can be thought of as ordinary Kaluza-Klein gauge bosons corresponding 
to the 16 isometries of the torus; the others (480) are massless solitons. Together 
they fill out the adjoint representation of G = E 8 x E 8 or G = Spin(32)/Z2. We show 
that the theory is free of tachyons and exhibit the massless states and the first 
massive excitations. We demonstrate that the theory is Lorentz invariant, TV = 1 
supersymtnetric and that all the states form unitary representations of the gauge 
group G. 

In sect. 3 we present an alternative formulation of the heterotic string theory in 
terms of internal fermionic coordinates. This amounts to a "fermionization" of the 
internal coordinates, with minor complications due to the finite length of the closed 
string. This formulation has some advantages, particularly in setting up a manifestly 
covariant formalism. In sect. 4 we show that one can describe the heterotic string 
in a covariant fashion, with no anomalies. Sect. 5 consists of some concluding 
remarks. 

In the following paper [9] we shall discuss the interacting heterotic string, construct 
the vertex operators for the emission of massless strings, calculate various tree and 
loop amplitudes, derive the low-energy field theoretic limit of the theory, and verify 
that it is finite. 

2. Construction of the free heterotic string 

In this section we shall present the operator formulation of the free heterotic 
string in light-cone gauge. Before proceeding let us review the philosophy behind 
the construction. 

Noninteracting strings are constructed by first quantization of an action given by 
the invariant area of the world sheet swept out by the string, or by its supersymmetric 
generalization. The reparametrization invariance of the classical action permits one 
to choose a "gauge" in which the timelike parameter of the world sheet, r, is 
identified with light-cone time, X + = V| (X°+X 9 ) . In this light-cone gauge the 
theory reduces to a two-dimensional free field theory of the physical degrees of 

* Thus the name "heterotic". 
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freedom (the 24 transverse coordinates, X', of the bosonic string or the 8 transverse 
coordinates, X\ and their fermionic partners, of the superstring) subject to con
straints. This procedure is only valid, however, in the critical dimension of 26 for 
the bosonic string and 10 for the superstring. In other space-time dimensions the 
existence of anomalies implies that the conformal degree of freedom of the two-
dimensional metric does not decouple [10]. If this degree of freedom is ignored 
then there is a breakdown of world-sheet reparametrization invariance [11]. 

In the critical dimension the physical degrees of freedom, being massless two-
dimensional free fields, can be decomposed into right and left movers, i.e. functions 
of T — <T and r + cr respectively. If we consider only closed strings then the right -
and left-moving modes never mix. The separation of these modes will persist even 
in the presence of interactions, as long as we consider orientable world surfaces. 
This is because interactions between closed strings are constructed, order by order 
in perturbation theory, by modifying the topology of the two-dimensional world 
sheet on which the strings propagate. In terms of the first quantized two-dimensional 
theory, however, no interaction is introduced; the right and left movers still propagate 
independently. Thus there is no obstacle to treating the right movers and the left 
movers differently, as long as each sector is separately consistent. This is the idea 
behind the construction of the heterotic string, which combines the right movers 
of the superstring with the left movers of the bosonic string. It is necessarily a 
theory of closed orientable strings, since open string boundary conditions would 
mix right and left movers, and since one can clearly define the orientation of such 
a string. 

In this section we shall construct the heterotic string in light-cone gauge and show 
that it is indeed consistent, Lorentz invariant, supersymmetric and free of tachyons. 
The only subtlety arises in the quantization and compactification of the sixteen extra 
left-moving bosonic coordinates. An alternate version of the heterotic string (see 
sect. 3) can be given in which these coordinates are replaced by 32 fermionic 
coordinates. This formulation allows one to construct a manifestly covariant form 
of the action, as will be shown in sect. 4. 

2.1. THE PHYSICAL DEGREES OF FREEDOM 

The physical degrees of freedom of the right-moving sector of the fermionic 
superstring consists of 8 transverse coordinates X'(T — cr) (i = l - - - 8 ) and 8 
Majorana-Weyl fermionic coordinates S " ( T - C T ) [12]. The physical degrees of 
freedom of the left-moving sector of the bosonic string consist of 24 transverse 
coordinates, X\r+a) and X'(T + cr)(i=l • • • 8, / = 1 • • • 16). Together they com
prise the physical degrees of freedom of the heterotic string. The eight transverse 
right- and left-moving coordinates combine with the longitudinal light-cone coordin
ates -V 1 (T , cr) to describe the position of the string embedded in ten-dimensional 
flat space-time. 

The dynamics of the 
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The dynamics of the free heterotic string is governed by the light-cone gauge 
action {a = 1,2) 

5 = - j d r j dcr^-;[BaXirX,+daX'daX' + iSy-(dT + da )S], (2.1) 

where 5 is a ten-dimensional Majorana-Weyl spinor, with components Sa, i.e. 

A - l O + Tn). (2.2) 

(From here on, unless otherwise noted, we shail work in units in which the string 
tension T0 = l/2ira' =l/ir and follow the notation of ref. [12].) The coordinates X1 

will contain both right movers, X'(T-CT), and left movers, X'(T+CT)\ however, we 
must impose a constraint restricting X' to consist of left-moving modes alone. This 
can be achieved by demanding that 

4>'~(aT-d„)X'=0, 1 = 1 16. (2.3) 

Alternatively, following [13], we can add to the action a term proportional to 
A , [ ( a T - a < 7 ) X / ] 2 , which has the same effect. Siegel has shown that the resulting 
action possesses a local gauge symmetry which allows the Lagrange multipliers A' 
to be gauged away, leaving one with the constraint of eq. (2.3). 

The above action is invariant under a supersymmetry transformation that relates 
right-moving bosons and fermions, while the left-moving bosons remain unchanged: 

1 
SX^—eyS, 

5S = -= r_ r ( i ( <? T - a ( T )X ' t

g . (2.4) 

where £ is a right-moving Majorana-Weyl light-cone spinor. In terms of two-
dimensional field theory we have N = 3 supersymmetry. 

Canonical quantization of the transverse and fermonic coordinates is straight
forward. Since we are dealing with closed strings, the fields are periodic functions 
of 0=£ <T« v and can be expanded as 

Ar''(r-o-) = j X i + ^ i ( T - c r ) + -̂ I ^ e - 2 / " < T - > , 

X , ( T + 0-)=5X , +5p'(T+Cr) + ,i £ _l e-2'-<T+-» 
*o n 

S°{T-CT)= I 5a„e a — 2in{T — a-) 

(2.5) 

(2.6) 

"'^sss^ym 
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where 

[x\ p>] = i8'J, [«'„, aJ

m} = [a'„, a ' J = nS^m.08'J, 

[a?,a7] = 0, 

{S°n,Sh

m} = (y+hyb8n+m,0. (2.7) 

In the case of the left-moving internal coordinates, X', we must introduce Dirac 
brackets to take into account the second-class constraints <P! =0. Thus the Poisson 
bracket of X' with its canonical momentum, P' = (l/7r)flTAr', which is canonically 
given by 

{X'(a, r), P'(CT', T)} = S ( a - c r ' )S" (2.8) 

is modified to yield the Dirac bracket 

{X'(a, T), P V , r ) } D B = {X'((r, T), PJ(cr', r ) } - J" da" da'"{X1 {a, r ) , <PK{cr", T)} 

. x CKK{v", cr"'){<PKXcr'", r), PJ(a\ r)} , (2.9) 

where CKK(cr, a-') is the inverse of the Poisson bracket of <PK{cr) and <PK(CT'). Since 
CKK(O; <r') = SKK'(\/2-irda)8(a-<r'), one finds that 

{X'{(T,r),P}{rT\T)}^ = \8{cT-<T')8U. 

Therefore X' has the expansion 

X'(T+cr) = x'+p'(T+a) + yy — e-2ia<T+'r). 
n 

where upon quantization 

[d'„, dJ

m]= n8„+mfi8", 

(2.10) 

(2.ll) 

(2.12) 

(2.13) 

The factor of 5 in the commutator of x' and p', the center-of-mass position and 
momenta in the internal space, arises due to the constraint that ensures that X' is 
a function of r + a. It means that 2p', I = l • • • 16 are the generators of translations 
in the internal space. The allowed values of p1 will be determined, as we shall see 
below, by the structure of the internal sixteen-dimensional space. 

In light-cone gauge X+(T, cr) = x+ + p+r and X~ is determined by solving the 
constraints that result from choosing a conformally flat metric on the world sheet 
[11]. If we expand X~{r, a) as 

X-{T,a) = x- + p-7 + hi I i ( a ; e - 2 , ' n < T - C T ) + a ; e -2in(T+cr) ) , (2.14) 

then an is given, as in the f 

p ^ 

,# and d~ is constructed, as in 

(Note, in these formulas a'Q 

These same constraints d 
to X+, and thereby the mas 

l(ma 

where N(N) are the norma.; 

N 

N 

The subtraction of - 1 in 
unnecessary in the case of 
This subtraction can also be 
invariance. Finally the fact 
winding number (see below 

In addition there is a furt 

This constraint has a simpl 
point on a closed string, we 
arbitrary amount A. This is 

which (recall that [x1, p'] = 
F can be A", X' or S". The c 
on the space of physical stc 
subtraction constant, —1, is 
Lorentz invariance. In sect 
covariant formulation of th 

te 



5n^m0S'J, 

(2.7) 

', we must introduce Dirac 
:s <P' =0 . Thus the Poisson 
)SrX', which is canonically 

)8U (2.8) 

C T " ' { X V , T ) , < £ * ( * ' » } 

(2.9) 

f <PK{ar) and <PK {a'). Since 

' ) « ' • (2.10) 

r 2 , n ( T + < r ) , (2.ii) 

(2.12) 

(2.13) 

;enter-of-mass position and 
aint that ensures that X' is 
le generators of translations 
determined, as we shall see 
>nal space. 
determined by solving the 

t metric on the world sheet 

+ an e -2in<T+cr) ) , (2.14) 

D.J. Gross ei al. / Heteroiic siring theory 

then a" is given, as in the fermionic string, as (n ^ 0) 

a > - I « > i , - » , + r T l ( ' " - 5 " ) 5 „ - m A 
P m 2-P m 

and a~ is constructed, as in the bosonic string, as (n # 0) 

d~ - — 7 (a' a' + a1 a' ) 
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(2.15) 

(2.16) 

(Note, in these formulas a'0 = a'0 = \p', a'0 = pl.) 
These same constraints determine p~, the generator of T-translations conjugate 

to X*, and thereby the mass operator m2 — 2p+p~~{p')2 of the string 
16 

Kmass) 2 =N + ( i V - l ) + | I (p'y, (2.17) 

where N{N) are the normal-ordered number operators for the right (left) movers 

N=,l (aL„a| ,+ |nS_„ r -SJ : - , 

iV= I ( a L , , a > a i . a i ) - . 
n = l 

(2.18) 

The subtraction of - 1 in (2.17) is due to the normal ordering of N, which is 
unnecessary in the case of the right movers due to fermion-boson cancellations. 
This subtraction can also be seen to be necessary to ensure ten-dimensional Lorentz 
invariance. Finally the factor of k{p')2 comes from the internal momentum and 
winding number (see below) of the left movers. 

In addition there is a further constraint that requires 

N = N - l + i I (p')2 (2.19) 

This constraint has a simple physical explanation. Since there is no distinguished 
point on a closed string, we are free to shift the origin of the cr-coordinate by an 
arbitrary amount A. This is achieved by the unitary operator 

l / ( 4 ) » e 2 w - * + i - i I ( p ' ) » . i (2.20) 

which (recall that [.*'. pJ] = US,J) satisfies U{A)F(T, a) £T(4) = F(r, <x + J ) , where 
F can be X',.X' or S". The operator U(A) must therefore equal the identity operator 
on the space of physical states, which must therefore satisfy eq. (2.19). Again the 
subtraction constant, - 1 , is due to the normal ordering of N and is necessary for 
Lorentz invariance. In sect. 4 these constraints will be rederived starting from a 
covariant formulation of the heterotic string. 
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2.2. COMPACTIFICATION OF THE INTERNAL DIMENSIONS 

The extra 16 left-moving coordinates of the heterotic string can be interpreted as 
parametrizing an "internal" compact space T. It is unlikely that T could be curved 
without producing an inconsistent string theory, since then the resulting two-
dimensional field theory of X' would be an interacting nonlinear cr-model with 
inevitable conformal anomalies. Therefore we consider only flat compact manifolds, 
in other words T is a sixteen-dimensional torus*. 

Since closed strings contain gravity in their low-energy limit one expects that a 
compactified closed string theory will contain massless vectors associated with the 
isometries of the compact space. In the case of a flat 16-dimensional torus this 
would yield the gauge bosons of [U(l ) ] 1 6 A remarkable feature of closed string 
theories is that for special choices of the compact space there will exist additional 
massless vector mesons. These are in fact massless solitons of the ciosed string 
theory. They combine with the Kaluza-Klein gauge bosons to fill out the adjoint 
representation of a simple Lie group whose rank equals the dimension of T. In the 
case of the heterotic string the structure of T is so severely limited that only two 
choices are consistent. These produce the gauge mesons of Spin(32)/Z2 or E 8 x E 8 ! 

To illustrate this phenomenon consider the simple example of the bosonic (26-
dimensional) string, with one coordinate compactified to a circle (say 0 = s X 2 4 ^ 
2TTR). The coordinates X\ i = 1 • • • 23, all have the normal mode expansion of eq. 
(2.5). However the expansion of X24(T, cr) is modified. First the momentum, p2A, in 
the compact dimension is quantized in units of 1/ R. In addition string theories give 
rise to a new phenomenon which has no counterpart in field theories of point 
particles, namely the existence of solitons which.are consequences of the multiply 
connected structure of configuration space [15]. The function X24(T, <T) maps the 
circle O=£0-=£ IT onto the circle 0=sX24=s27r.R, and such maps fall into homotopy 
classes characterized by a winding number L that counts how many times X 2 4 wraps 
around the circle. Thus 

X24{T,a) = x2i + p24T + 2LRcr + L

2i £ - ( a 2 4

 e - 2 i n , T - C T , + a 2 4

 e - 2 i n < T + C T ) ) 
*o n 

M p = — ; M, L are integers . R (2.21) 

String configurations with nonvanishing, integer L are solitons. They must be 
included in the spectrum of interacting closed string theories, since a string with 
L = 0 can split to form two strings with L = +1 and L = - 1 (see fig. 1). Such solitons 
will always arise whenever a closed string propagates on a nonsimply connected 

* For consistent compactification of supersymmetric coordinates there is strong evidence that it suffices 
for T to be Ricci flat [14]. The only known consistent possibility for compactification of purely bosonic 
coordinates is for T to be a flat torus. 
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L = 0 
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\ 

L = 1 L = H -

Fig. 1. A string with winding number L = 0 splits into two strings of winding numbers L = ±\. 

manifold. The excitations of the string with nonzero momentum (winding number) 
will have masses proportional to 1/ R2 {R2). The mass operator for the standard, 
26-dimensional, closed string is given by 

M 2 

K m a s s ) 2 = N + i V - 2 + — ; + L 2 i ? 
AR 

(2.22) 

where N and N are the number operators for the left and right movers; the factor 
of M2/4R2 = 3(p 2 4 ) 2 arises from the momentum in the compact dimension, and the 
term L2R2 is the energy required to wrap the string around the circle. 

The physical states of the closed string satisfy a constraint which for an uncompac-
tified string is simply N = N. This constraint implies that the unitary operator 
U(A) = exp [2i(N - N)A~\, which shifts a by an amount A, is equal to the identity 
operator on physical states, thus ensuring the absence of a distinguished point on 
the string. If the string contains a winding number term, 2LRcr, one must modify 
U{A) so as to shift this as well. Thus 

U(A) = exp[2f(JV- N-p2*RL)A] 

and the physical states must satisfy 

N=N+ML. 

(2.23) 

2.24) 

Let us now examine the massless spectrum of the effective 25-dimensional theory. 
It consists of the transverse components of the graviton, antisymmetric tensor and 
dilaton, dr'_,Qr'_i|0), 1« i , j ' « 2 3 ; the transverse components of two vector mesons, 
aL,ai 4 |0) and aL :ai 4, |0). These correspond to the gauge bosons expected from the 
usual Kaluza-KJein compactification on a circle with isometry 1/(1). However for 
the particular choice of the radius of the circle 

R = Ja' = -J\ i2.25) 
! the solitons with winding numbers L = ±1 and momenta M = ±\ (with S - S = V/L) 

are also massless. Thus there are four more massless vectors a!_,|M = L = r Is and 
I aL,|M = - L = ±l). 
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These six massless vectors form the adjoint representation of SU(2) xSU(2), with 
the diagonal generators having eigenvalues k(M+L) and ^(M — L) respectively. 
This construction is a physical realization of the work of Frenkel and Kac on 
representations of Kac-Moody Lie algebras [7]. Their work suggests that this 
construction can be generalized to produce massless vector mesons in the adjoint 
representation of any simply laced Lie group G, i.e. a Lie group whose root vectors 
all have the same length. This restricts G to be SU(n), SO(2n), E 6, E 7, E 8 or direct 
products of these. The method employs closed strings moving on a torus such that 
the lattice of allowed momenta coincides with the root lattice of the group. In other 
words the string moves on the maximal torus of the group G. However the quantiz
ation differs from the usual quantization of closed bosonic strings. 

First consider compactification of the usual closed bosonic string on a D-
dimensional torus, which may be thought of as RD modulo a lattice T generated 
by D independent^ basis vectors el (i = 1 ••• • D). We shall choose the length of the 
e, to be equal to v2 and identify the center-of-mass coordinate x! with its translation 
by 2TTR, in the direction of e„ so that 

x'^x'+yflir I n&e't , (2.26) 
i = 1 -

with n, being integers. The mode expansion for the internal coordinates is 

X'(<r, r) = x'+p,T + 2L,cr + \i £ - («'„ t-2ht<*-~> + &'„ e ^ ' " * ' - " ) . (2.27) 

For a torus RD/r the allowed center-of-mass momenta p' lie on the dual lattice 
f, generated by ef (i = 1 • • • D) denned by 

and the mass operator is nc 

|(mass) 2 = iN 

I eief' = S9. 
7 = 1 

Since p' generates translations of x' we must have 

P =v2 ! - = - * ? 

for integer ntt. The allowed winding numbers are 

(2.28) 

(2.29) 

D where the metric gtj = £ . 
t o r u s i ? D / r a n d g * = l f = 1 ( 
gv is integer valued and g„ 

As before we obtain 21 
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group of rank D > 1 for an 
to the construction of the 1 
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X'(r + cr)=\y 
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fields with expansions 

X'(-

X'{ 

a n d [ x ' , p 7 ] = [x ' , p J ] = 0, 
generates translations of x 

L'=J{Z R.n.el 

for integer nt. The constraint (2.24) is generalized to 

N=N + yp'L' ^N+Zmn, 
l i 

(2.30) 

(2.31) 

and similarly for p'. 
The left- and right-mo\ 

follows from invariance u 
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and the mass operator is now 

i(mass)2= N+N-2 + Z (ip1 p' + L'L') 
i 

= i V + N - 2 + I 0 ^ g , ^ + ^ , R , g ^ ^ ) , (2.32) 

where the metric g y = £ / = 1 e{ej is the Cartan matrix for the Lie group with maximal 
torus RD/T and g * = £ / = 1 ef'ef = (gy) _ l is the dual metric. With our normalization 
g v is integer valued and g„ = 2 for simply laced Lie groups. 

As before we obtain 2D massless vector mesons aL,arii|0) and al^ai^O) as 
expected since the isometry group of the torus is U(1)D. However the constraints 
make it clear that it is not possible to obtain the additional massless vectors with 
N- N = ±l needed to complete the adjoint representation of a simple nonabelian 
group of rank D > 1 for any real Rh The resolution of this difficulty provides a key 
to the construction of the heterotic string. 

We return to the mode expansion (2.27) and write X'((T, T) = 
Xr{T-cr) + X'(T + ar) with 

X / ( T - ( r ) = | x / + ( i p / - L / ) ( r - c r ) + ^- I - a ' „ e - 2 ' n ( T - t r > , 
n*o n 

X\T+(T)=\X1 + {\pl + LI)(r+o-) + \i 1 - a U " 2 ' ' " ^ ' . (2.33) 
ntto n 

Note that the left and right oscillators are treated independently but the center-of-
mass coordinates and momenta are not. For ordinary space-time coordinates with 
L = 0 this is clearly necessary. However for an internal nonsimply-connected space 
we are free to regard X1 and X' as completely independent massless two-dimensional 
fields with expansions 

X'(T-O-) = X' +p'(T-cr) + oscillators, 

X ,(T-t-<r) = x '+p ' ( - r+0- ) +oscillators, ( 2 - 3 4 ) 

and r y , ^ ] = [ x V ] = 0, but [x',pJ] = [x',pJ] = kiSIJ as in (2.13). Now 2p!(2p') 
generates translations of x'(x') so the allowed momenta are 

p'=4l^ef (2.35) 

and similarly for p'. 
The left- and right-moving sectors are now related only by the constraint which 

follows from invariance under shifts in cr which becomes 

N + ^ I ( p 7 ) 2 = N + ̂ I ( p ' ) 2 . (2.36) 
i i 
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The mass operator is now 

|(mass) 2= N+ N - 2 + ^X (p'p'+p'p"). 
i 

Choosing the radius to be 

(2.37) 

(2.38) 

we now find 2D U(l) gauge bosons as before but in addition there are massless 
vector meson states with N- N = +1 (-1) and (p')2 = 2((p'f = 2). These complete 
the adjoint representation of G xG, where G is a simply-laced Lie group with rank 
G = D. 

The heterotic string is constructed by utilizing the left-moving part of the above 
construction with D= 16 to produce gauge bosons in the adjoint representation of 
E 8 x E 8 or Spin(32)/Z 2. This choice is dictated by the following argument. Since X1 

is to be a function of r + a only, the allowed momenta (2.35) must coincide with 
an allowed winding number (2.30). Thus the allowed states must have momenta 
which lie on the intersection of F and t. Furthermore, in order to satisfy the 
constraint, eq. (2.19), the square of the allowed momenta must be even integers. 
Finally, the lattice must be self-dual, i.e. r must equal t (equivalently det gv = 1). 
This last requirement is necessary to have a consistent theory of interacting closed 
strings. We shall discuss this in detail in the following paper [9]. For the moment 
we simply note that the (euclidean) two-dimensional world sheet which describes 
a one-loop closed string amplitude is a torus. This torus is clearly symmetric under 
the interchange of a and T. TO achieve this symmetry, necessary for global re-
parametrization invariance, the coefficients of T and a- in X' must span all the states 
of the same lattice. All of these requirements can be satisfied if and only if all the 
radii are determined as in (2.38) and the lattice is integral, even and self-dual. This 
means that the metric g y = £ / = i e \ e \ is integer valued, g i f is even and r = t. For 
this reason the obvious torus, given by R 1 6 / Z 1 6 is unacceptable. Z 1 6 is self-dual if 
one chooses the basis vectors to be of length one - but then it is not even. The 
sublattice consisting only of even points is not self-dual. 

Even, self-dual lattices are extremely rare. In fact, they only exist in 8n dimensions. 
In sixteen dimensions there are two such lattices, T 8 x Fs and T, 6. The first is the 
direct product of two r 8 , where T 8 is the root lattice of E 8, and g y is the Cartan 
matrix of E 8: 

2 
- 1 

- 1 
2 

- 1 
- 1 

2 - 1 

gij* = 
- 1 2 

- 1 
- 1 

2 
- 1 

- 1 

- 1 
2 

- 1 
- 1 

2 
0 

- 1 

0 
2 

(2.39) 
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The construction of T 1 6 is slightly more complicated. The basis vectors for the 
SO(32) root lattice can be written in terms of a set of orthonormal vectors {uj, 
i = 1 • • • 16 as ef = «j — ui+l, i = 1 • • • 15, e 1 6 = ul5+ ul6. This root lattice is not self-
dual since det g,j = 4. However a self-dual lattice can be constructed from the root 
lattice by adding points that are multiples of one of the spinor weights of Spin(32). 
We can choose the spinor weight to be 5, =\{ux — U 2 + U 3 - M 4 + - • - + Ui$-ux6), s] = 4 
and take the basis vectors for ri6 to be s, and eif i = 2 • • • 16. Since e, is an integer 
linear combination of the basis vectors, F l 6 contains all the points of the root lattice 
of SO(32) plus additional points that correspond to spinor weights of Spin(32)/Z2. 
Note that this is not the same as SO(32). The center of Spin(32) is Z 2 x Z 2. Removing 
the diagonal combination of the two Z 2 factors eliminates all spinor representations, 
leaving SO(32). Removing one Z 2 eliminates one of the two spinor representations 
of Spin(32) and all representations in the same Z 2 conjugacy class as the spinor 
(including the vector). 

On either of these tori x' is given by eq. (2.26) where the allowed momenta are 

16 
p'=l nfi\ (n, = integer), (2.40) 

and n, also measures the winding number in the ith direction around the torus. The 
values of (pi)2 are all even integers, the minimal value is 2. Each of these sixteen-
dimensional self-dual lattices has precisely 480 vectors of length squared 2. These 
will yield, in the heterotic string theory, 480 massless vector bosons. These 480 
solitons are clearly labeled by the weights of the adjoint representations of G = 
E 8 x Eg or Spin(32)/Z 2. They combine with the 16 massless vectors with zero weights 
(the Kaluza-Klein gauge bosons) to fill out the adjoint representation of G. We 
shall see below that all the states of the heterotic string will form representations 
ofG. 

2.3. THE SPECTRUM 

The physical states of the heterotic string are simply direct products of Fock space 
states (|) R x |)L) of the right-moving fermionic string and the left-moving bosonic 
string, subject to the constraint (2.19). The right-moving ground state is annihilated 
by a'„, Sa

n ( n > 0 ) and N. It forms an irreducible representation of the zero mode 
oscillators Sn and consists of 8 bosonic states \i)R and 8 fermionic states \a)R, which 
satisfy 

|a>R = 8 i ' (y,S or! '>R, \i>R = TSHS0{yit y+})°\a)R. (2.41) 

The left-handed ground state is annihilated by d'„, d'n ( n>0 ) , N and p'. By itself 
it is a tachyon, but it is removed from the physical spectrum by the constraint which 
requires that N + \(p')1= N+ 1>0. 

*ss aiK'.WM 
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The spectrum of physical states contains only nonnegative masses due to the 
constraint. In fact 

(mass)" 

S = N -i 

: 8 N 5 3 0 , 

(p')2-l (2.42) 

The ground state is therefore rhassless and consists of the direct product of |i')R or 
\a)R with a i , |0 ) L , a i i | 0 ) L or \p')L (where (p')2 = 2). All these states have N=N + 
J ( / > ' ) 2 _ 1 =0- As expected they form irreducible 10-dimensional, massless, super-
multiplets. The states \i or a ) R xa i , | 0> L form the irreducible N = l, D = 10 super-
gravity multiplet. Note that the antisymmetric tensor appears here in the antisym
metric product of two SO(8) vectors as compared to the type I closed string theory 
where it appears in the antisymmetric product of two SO(8) spinors. The states 
| 0 R X « - I | 0 ) L and | a ) R x a i , | 0 ) L together with the 16x480 states \i or a> R x 
\p', (p1)2 = 2) L form an irreducible N = 1, D = 10 super-Yang-Mills multiplet of G 
(where G = E 8 x E 8 or Spin (32)/Z 2). 

Although the spectrum of the massless states of the heterotic string (with G = 
Spin(32)/Z2) coincides with that of the type I superstring with gauge group SO(32), 
the difference between these two theories is apparent in the structure of the massive 
levels. In the heterotic string we will obtain states with arbitrary p' = weight vector 
of G, and thus states which are in arbitrarily large representations of G. The type 
I open string theory contains only the antisymmetric tensor (adjoint) and the 
symmetric tensor representations of SO(32). 

We shall exhibit explicitly the structure of the first massive level with N = l,.. 
(N,ip')2) = (2,0), (1,2) or (0,4), and (mass)2 = 8. Already at this level there are 
18 883 584 physical degrees of freedom! The left- and right-moving sectors separately 
can be assembled into SO(9) multiplets, since the Lorentz and supersymmetry 
generators act separately on each. Among the right movers we have 128 bosonic 

states. aLi|j>R and S"Lx\b)R which fill out the SO(9) representations CD and ~ of 

dimensions 44 and 84 respectively. In addition there are the fermion states, a l , | a ) R 

and 5°i | i ) R which form a single irreducible SO(9) representation of dimension 128. 
The left-moving sector consists of the SO(8) scalars \p', (/>')2 = 4) L, alx\p', 

( p ' ) 2 = 2) L, a i , a i , | 0 ) L and <*i2|0>L; the SO(8) vectors ai,\p', ( p ' ) 2 = 2) L, a'_ 2|0)L, 
aL ,a i , |0 ) L and the SO(8) symmetric tensors aLiai , |0) L . To count the number of 
these states we use the fact that the number of points of length squared 2m on the 
lattices r i 6 or F 8 x f g is given by 480 cr7(m), where <x7(m) is the sum of the seventh 
powers of the divisors of m [16]. Using this formula we find 69 752 SO(8) singlets 
which can be assembled into irreducible E 8 x E 8 representations as (3875,1) + 
(1,3875)+ (248,248)+ (248,1) + (1,248) + (1,1) + (1,1). For Spin(32)/Z, the 

n ^ 
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level of the SO(32) spinor. This state cannot decay and might pose cosmological 
problems. Similarly the 497 SO(8) vectors transform as the adjoint representation 
of G plus a singlet while the SO(8) symmetric tensor is a singlet under G. 

These states may be easily assembled into SO(9) multipiets, whereby the G singlets 
are in the SO(9) representation 44+1 and the G adjoint representations form a 
SO(9) vector. The other G representations are SO(9) singlets. Finally the complete 
SO(9) xG multipiets are obtained by taking the SO(9) tensor product of the rep
resentations (QH+Z) occurring in the right-moving.sector with the representations 
(CTJ+n+ •) occurring in the left-moving sector. As we shall show below the physical 

states of the heterotic string form a representation of the super D= 10 Poincare 
group and of the algebra of G = E 8 x E 8 or Spin(32)/Z2. This guarantees that a 
similar grouping of the states exists at each mass level. 

The number of states of a string theory increases dramatically as a function of 
mass. In fact the degeneracy of the levels with mass M increases exponentially as 
d (M)~exp 03M). This leads to a "limiting temperature" for the noninteracting 
string of kTL=l/0, since at this temperature the specific heat diverges [17]. Of 
course interactions might modify this conclusion. The value of 0 is easily determined 
by calculating the "partition" function P(x) which, in the case of the standard 
bosonic closed string in 26 dimensions, is given by 

pB(*)H n d-.x") = I P B (N)x N . (2.43) 

It is easy to see that PB(N) counts the number of string states with right-moving 
oscillator number N. Since for the closed string N = N and M2 = 4( N + N - 2) = 
8 ( N - 1 ) we have that dB(M) = Pi ( |M 2 + 1). Similarly the partition function of the 
fermionic superstring in 10 dimensions is given by 

PF(x) = = I F F (N)x ' v (2.44) 

Here however Af2 = 4(iV+ N) = 8iV and the ground state is 256-fold degenerate so 
that dF(M) = 256P2

P ( |M 2 ) . Since the heterotic string is a hybrid of the bosonic and 
fermionic strings and M 2 = 4(N + N- 1 +\(p')2) = 8N we have 

dM(M) = l6PAlM2)PXM2), 

where P'B{x) is the partition function of the left movers 

P: 

(2.45) 

'sM=-\ fl ( 1 - * " ) ] " ( l + I 480<r 7 (m)x'")=_I P'B(N)x* . 
X(.„=l J \ m = l,2 

(2.46) 
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The large-TV behavior of the P(N) can be determined from the behavior of P(x) 
as x-*l. Using the formulae 

II ( l±x" ) = exp V ln( l± jc n ) • ~, e x p - I 
n = 1 n=1 

( * )* 1 
*-' " " r T k2 ( 1 - x ) ' 

we deduce that 

PB(x) ~ P'B(x) ~ exp 4-n-2 

l-x' 
PF{x) ~ exp _2V 

l - x ' 

This translates into exponential growth of P{N), which behaves as PB(N)~ 
P'B(N)~exp(4TrJ~N); P F ( iV)~exp (2^2ir^N). In terms of the "limiting tem
perature" we then have 

0B = JSTT = (4vy/a'), 

PF = 2TT = {2-J2~TrJ~c7'), (2.47) 

for the standard bosonic and fermionic strings. The limiting temperature of the 
heterotic string lies in between these 

PH = 3(/3B + /8 F ) = (1 +V2)ir = ( 2 + 7 2 ) 7 7 ^ . (2.48) 

2.4. SYMMETRIES 

It is straightforward to verify that the heterotic string is Lorentz invariant and 
iV=l supersymmetric in 10 dimensions. This is because the generators of these 
transformations act separately on the right and left movers. Since these are formu
lated in their critical dimensions of 10 and 26 respectively, the would-be anomalies 
cancel. 

Thus the heterotic string contains one supersymmetry, generated by 

Q° ~ dp+ (y+S0)a + 2i-Ll (y,S.H)'d'n , 

which acts on the right-moving sector. The demonstration that 

{Qa,Qb} = -2(hy»PJ"b 

(2.49) 

(2.50) 

is identical to the demonstration of the right-moving supersymmetry of the type II 
closed superstring theory [12] (half of its N = 2 supersymmetry). Similarly the 
generators of the 10-dimensional Lorentz group, J*v, can be written as 

where 

(2.51) 

(2.52) 
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and •/£"(/£") a r e the Lorentz generators on the oscillator coordinates of the right-
moving (left-moving) sector of the fermionic (bosonic) strings respectively. For 
example, J £ = - i I » - , U / « M « - « « - - a - » « » ) , Jt~ = Ji+ = 0, ' J'C = 
~>'Z*=i (l/«)(«-nffn -dZnd'„). The demonstration that the J*" satisfy the 10-
dimensional Lorentz algebra is identical to the demonstration of the Lorentz invari-
ance of the 10-dimensional superstring [12] and the 26-dimensional bosonic string 
[11]. Note that these demonstrations do require the normal ordering subtractions 
of N that appear in eqs. (2.17) and (2.19). 

We shall now show that the states of the heterotic string form representations of 
the group G = E 8 x E 8 or Spin(32)/Z2. We are guided by the work of Frenkel and 
Kac, and Segal who used string theory operators to construct representations of 
Kac-Moody algebras [7]. To this end we construct an operator E{K') which acts 
on the left-moving states of the heterotic string; E(K') represents the generators 
of G that translate states on the weight lattice by a root vector K'((K')2 = 2). In 
order to understand the construction of Frenkel and Kac it is useful to consider a 
hamiltonian treatment of the left-moving sector of the heterotic string viewed as a 
two-dimensional field theory with solitons. The fields X'(o-) are maps from the 
circle S1 parametrized by 0=s <rs£ ir onto the 16-dimensional torus T. The configur
ation space can thus be thought of as the loop space ill of maps S 1 -»T. This loop 
space has the structure of a group under pointwise multiplication of maps and falls 
into disconnected components labelled by the winding numbers of the torus, i.e. 
7r0(/3T) = vx(T). In quantizing the theory we consider unitary operators U(fx) which 
when acting on the vacuum create states corresponding to the map / , :S ' -*T, 
l/i)= t/(/i)|0>. If we consider two maps / , , f2 and their composition ftf2 then 
quantum mechanically we are only interested in rays in a Hilbert space so we only 
require 

t/(/i) U(fi) = «(/i, fz) Ui/Jt), (2.53) 

with |e(/i,/2)| = 1. The phase factor e is required by associativity to satisfy 

8( / i , / i ) e ( / i / 2 , / 3 ) = e ( / i , A / i ) « ( / * / 3 ) , (2-54) 

which is just the statement that s is a two-cocycle. s is nontrivial if it cannot be 
factored in the form e ,"*< / '>e , '* ( / j >e" i* ( / ' l / 2 > and reabsorbed in the definition of U. In 
this case the operators U give a nontrivial projective representation of the group 
m. These representations have been considered previously in the physics literature 
in connection with quantization of solitons in theories such as the sine-Gordon 
model [7]*nd the Skyrme model [18]. General conditions for the existence of 
nontrivial projective representations are given in a classic paper of Bargmann [19]. 

We are interested in representing the group of translations on the weight lattice. 
In order to reproduce the correct group commutation relations we must consider a 
nontrivial projective representation of this group. Points on the weight lattice 
correspond to allowed winding numbers (i.e. elements of rr0{{lT)) with addition of 

*r 
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if elements in disconnected 
vo-cocycle condition is thus 

L+M). (2.55) 

iation operator directly and 

r ) , (2.56) 

und the unit circle. These 
-vhich translates the internal 
term C{K') can be viewed 
e 480 E(K') with {K')2 = 2 
n the Chevalley basis), 
states it is straightforward 

-vz)-*- L / 2 for |w |< |z | . 
(2.57) 

res a factor of (-)K'L. We 
) in order that the E have 
is just 

1). (2.58) 

may be chosen to satisfy [7] 

(2.59) 

(K and L are root vectors), 
It only if K- L = -l (and 
+ 2 - 2 = 2), or if K- L=-2 
ct that 

UK-x + K-plnz] 

(2.60) 

ger valued on the lattice of 

Therefore one easily shows that 

•e(K,L)E(K + L). 

[E(K),E(L)] = < 

{K + L)2 = 2., 

K + L = 0, 

otherwise, 

K'-P', 

'•O, otherwise, (2.61) 

[p',E(K)]= K'. 
These are precisely the commutators of the generators of G, as long as the e{K, L) 

are chosen to equal the structure constants (±1 in this basis) of the group G. Frenkel 
and Kac show that C(K) and s(K, L) can be constructed to satisfy these properties. 
In fact e(K, L) is denned for arbitrary K and L on the lattice by extending the 
structure constants (denned for K2 = L 2 = (K + L)2 = 2) to the whole lattice using 
(2.59) and bilinearity. 

Therefore we have an explicit representation of the generators of G on the Fock 
space of the left movers of the heterotic string. Since the right movers are G-singlets 
and the constraint, eq. (2.19), is G-invariant, it follows that the free heterotic string 
is G-invariant. 

3. Fermionic representation 

There is an alternate description of the internal degrees of freedom of the heterotic 
string (which are responsible for the Yang-Mills interactions) in terms of chiral, 
anticommuting, Lorentz-scalar coordinates. These fermionic coordinates are related 
to the bosonic coordinates discussed above by the well-studied bosonization of 
two-dimensional fermion fields, with minor complications due to the finite length 
of the string. For purposes of describing the spectrum and interactions of the string 
the two formulations are equivalent. They correspond to alternate constructions of 
a particular representation of the affine Lie algebra based on the gauge group of 
the theory, whose properties determine the structure of the string in the light-cone 
gauge*. 

We shall now present the construction of the heterotic string in terms of internal 
fermionic coordinates, beginning with the model with Spin(32)/Z2 gauge group. 
The construction of the E 8 x E 8 model requires subtle modifications. The construction 
parallels that of the superstring in terms of the Neveu-Schwarz [21] and Ramond 
[22] models. Here we introduce a set of 32 real, anticommuting, left-moving coordin
ates I/»'(T+ cr) which transform as the fundamental representation of SO(32). Regar
ded as two-dimensional fields on the string world-sheet the if/1 are Majorana-Weyl 
fermions, however they transform as ten-dimensional Lorentz scalars. The light-cone 
gauge action of these fields is simply (l/2ir) Jdrf^ dcril/' (d/dT-d/dcj)t!>'. yielding 
the equation of motion (d/dr — d/dcr)!/*' =0 . 

The use of fermionic variables to create representations of an internal symmetry group is not new: 
Bardacki and Haipero introduced this notion [20] as a possible way of incorporating hadronic 
symmetries in dual resonance models. 
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At this stage we have the option of choosing periodic or antiperiodic boundary 
conditions for <£'. As in the case of the "old superstring", we find it necessary to 
include in the Hilbert space of string states two sectors corresponding to the two 
possible boundary conditions. This is required to have a consistent, unitary descrip
tion of string loop amplitudes. We have then one sector, analogous to the Ramond 
model, in which the fermions obey periodic boundary conditions in a and thus 
have a Fourier expansion 

I/T'(T+O-)= I i/^e" 

Upon quantization, the oscillators <l/'n obey 

n integer. (3.1) 

(MASS) 2 

3/2 

1 

1/2 

0 

-1/2 

-1 

{4>'n, ^m}=S'JS„ + m,0. (3.2) 

The other (Neveu-Schwarz) sector contains fermions which obey antiperiodic boun
dary conditions in a, so that the integer frequencies n in eqs. (3.1) and (3.2) are 
shifted by 5. The choice of boundary condition determines the ground state in each 
sector. In the antiperiodic case the ground state is an SO(32) singlet state annihilated 
by all \fi'n ( H > 0 ) . In the periodic sector the zero frequency oscillators, t/ii, form a 
Clifford algebra and therefore cannot annihilate the vacuum. Hence we must take 
the ground state to be the appropriate spinor representation of SO(32). 

The hamiltonian describing the contribution of the left-moving bosonic (the eight 
transverse coordinates X'(T + O-)) and fermionic modes to the mass operator of the 
string is 

N = NB+NF, 

n>0 
(3.3) 

C A (C P ) is the normal ordering constant in the case of antiperiodic (periodic) 
fermions respectively. This subtraction, which includes the contribution from the 
spatial oscillations as well, is uniquely .determined by the requirement of 10-
dimensional Lorentz invariance. A straightforward calculation along the lines of 
ref. [12] provides the values 

1 C P = - 1 . (3.4) 

We then obtain the spectrum pictured in fig. 2 (disregarding the spatial oscilla
tions). The two sets of states so constructed each form irreducible Fock space 
representations of the respective sets of oscillators. However, as previously men
tioned, we are actually interested in constructing representations of the affine Lie 
algebra based on SO(32), whose generators Ml are bilinear in the fermions: 

M»=\ I <^_m</4 (3.5) 
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Fig. 2. Spectrum of states for the group Spin(32)/Z2. 

(n = integer or half-integer) 

[7 , • M m , T2 • M„] = [T„ T2] • M n + m + i n Tr ( T , T 2 ) 5 m + n , 0 , (3.6) 

where the Tj, are 32 x32 antisymmetric matrices and T- M„ - T'M'i. Consequently 
the two fermion Fock space representations are each reducible, splitting into rep
resentations of the affine Lie algebra with even or odd "fermion number". (These 
correspond to the four conjugacy classes of SO(32) representations, whose charac
teristic members are singlet, spinor, spinor' and vector, respectively.) 

For the purpose of constructing the heterotic string it is necessary to exploit this 
reducibility by projecting onto the subspace of states which in the antiperiodic sector 
contain an even number of fermions (i.e. the integer mass levels), and in the periodic 
sector satisfy a Weyl projection with \{\ + y) where y = i^i^o • • • *^o2 on their SO(32) 
spinor index. The necessity of this truncation of the Hilbert. space stems from the 
fact that the right-moving half of the theory contains only integer mass levels, 
whereas the unreduced spectrum of left movers has half-integer modes. Such states 
could never satisfy the constraint N—N, which is necessary to have a consistent 
spectrum, and so the half-integer levels must be removed. Since these correspond 
to the vector (32) conjugacy class of SO(32) we must, for consistency, also discard 
half of the states in the periodic sector, since [spinor] x [spinor] = [vector]. 

The resulting theory does not contain any states of the vector or spinor types. 
Consequently the gauge group is Spin(32)/Z 2, and the oscillators (i/O used to 
construct this group are not quite a representation of this group. This circumstance 
is familiar from the construction of superstring; although the unreduced Neveu-
Schwarz and Ramond models were themselves consistent (at least at tree level), a 
truncation of this sort was necessary in order to find a supersymmetry generator 
which exchanged bosonic (Neveu-Schwarz) and fermionic (Ramond) sectors. 
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(MASS) dimension 

(126,126) 

(120.0)010,120) (126,0) (0,128) 

(0.0) 

( A P . A P ) (P,AP) (AP.P) (P.P) 

Fig. 3. Spectrum of states for the group E s x E g . 

We now turn to the fermionic description of the E 8 x E 8 heterotic string. Remark
ably, it requires only a simple modification of the procedure used to obtain the 
Spin(32)/Z 2 theory, although demonstrating that the correct model is obtained-in 
this way is rather subtle. We proceed by defining two sets of 16 fermionic coordinates 
4<' and 4>' (i= I • • • 16). These are quantized as before, with the boundary conditions 
and projections being imposed separately on each set of fermionic coordinates. We 
now have four sectors, depending on which boundary conditions are applied to <!/' 
or 4>'. We keep only those states with an even number of 4>' excitations, independent 
of the boundary conditions applied to if/ and of the 4> internal quantum numbers. 
We then obtain states which are explicit representations of SO(16) xSO(16), which 
are restricted in the same way that we restricted the SO(32) states. 

The mass spectrum of the theory can be calculated if we include the correct 
normal-ordering constant. In the two sectors whose boundary conditions match we 
obtain the same result as before; in the two sectors where one set of fermions has 
antiperiodic boundary conditions and the other has periodic boundary conditions 
the normal-ordering constant is zero. Then the low-lying levels have the mass 
spectrum and SO(16) xSO(16) quantum numbers depicted in fig. 3 (again ignoring 
spatial excitations). 

The massless states in the (AP, AP) sector are in the adjoint representation of 
SO(16) xSO(16), as is necessary in order for the heterotic string to contain Yang-
Mills interactions. However, there are also massless states in the 128 spinor rep
resentation of each SO(16). Since these also become gauge bosons (and gauginos) 
when we attach the right-moving modes, the theory must contain a gauge group 
larger than SO(16) xSO(16). The resolution of this problem lies in the fact that E 8 
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contains SO(16) as a maximal subgroup, with the adjoint of E 8 decomposing into 
SO( 16) representations as 120 + 128, and where the E 8 commutation relations are 
represented as (i,j,... = 1 • • • 16) 

[Mij, Mkl] = (8ikMj, + perms.), 

[ M „ S a ] = H X « ) a < ) S b , 

[S<\S b] = ( ^ ) a i ) M \ (3.7) 

where IiJ={i [ P , P ] and the P are gamma matrices for SO(16). We therefore 
conjecture that our construction yields a representation of the affine Lie algebra 
based on E 8 x E 8 , in which the SO(16) subgroup of E 8 is realized linearly on the 
operators M''\ the remaining operators S" are realized in a nonlinear fashion. These 
generators, however, must interchange the Fock spaces corresponding to the two 
kinds of boundary conditions in order to realize the algebra of E g, and no simple 
expression involving the tj/' could accomplish this. An analogous problem arises in 
the construction of the supersymmetry operator in the Neveu-Schwarz-Ramond 
realization of the superstring, which also is required to exchange the bosonic and 
fermionic Fock spaces. In that case, unfortunately, the supersymmetry operator did 
not have a simple expression in terms of oscillators of either sector. The superstring 
solution was to adopt a representation of the string coordinates for which the 
supersymmetry. generators have a natural action. The analogous procedure in our 
case would be to abandon the fermionic coordinates altogether and use the algebra 
generated by {MH, Sa

n] - the affine Lie-algebra E 8. However, the representations of 
this algebra are difficult to construct directly, so much so that mathematicians were 
led to use dual models as a means of constructing them [7,23]. For practical purposes 
it is easier to calculate using the fermionic coordinates, wherein the SO( 16) invariance 
is manifest and can be extended by gauge invariance to the full E 8 invariant 
expression. 

The question remains whether we are sure that this construction actually produces 
a representation of the affine Lie algebra (E 8 x E 8). We are, but we will only present 
an outline of the argument here; for a more rigorous assurance we refer the reader 
to ref. [23] where it is shown that the representation of E 8 which is of interest to us 
can be decomposed into SO(16) representations in precisely the combination found 
in our model, where the "basic" representation of E 8 is the sum of the "basic" 
representation of SO(16) and the "spinor" representation of SO(16). This decompo
sition is based on an automorphism of the E 8 Lie algebra, which in the notation of 
(3.7) leaves M(J unchanged and takes Sa into -S". This automorphism can be 
extended trivially to the affine Lie algebra E 8, and the commutation relations are 
unchanged. The representations of E s can be decomposed into representations of 
the subalgebra of E s which commutes with the automorphism, namely, the generators 
of SO(16); the states which are even-under the automorphism are created by an 
even number of Sa

m, and those odd under the automorphism are created by an odd 
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number of S%. It is straightforward to show that the low-lying states of the E g 

representation, when decomposed this way, correspond to those of the SO(16) 
representations we constructed. There is also the circumstantial evidence that the 
number of states at each level of the E 8 "basic" representation match the number 
of states in the SO(16) construction, as seen by comparing the partition function 
ch(G) = Tr qSf for the two cases (ch(G) is called the character function by the 
authors of ref. [7]) 

ch(E : 8(basic) 

( l + 2 4 0 l ^ 1 o - 3 ( B ) 9 - ) 

= ch (SO( 16)) + ch (SO(16) ( 1 / 2 )) 

) = 

= K n ( i -«? n _ 1 / 2 ) 1 6 +n ( i+<r , / 2 ) , 6 )+ i28 n a + g n ) 1 6 , a s ) 
l \n = i n = l / n = l 

where o"3(n) is the sum of the third powers of the divisors of n (a nontrivial identity, 
whose proof is based on the theory of modular forms [16,24]). We conclude that 
our fennionic construction is indeed a representation of E 8 x E 8 ; the generators of 
the subalgebra SO( 16) x SO( 16) are realized linearly in this construction, but the other 
generators unfortunately do not have a simple or useful realization in terms of the 
fermionic coordinates. 

It is helpful to examine this result in relation to what we found in the bosonic 
realization. In that case, only the generators in the Cartan subalgebra were realized 
linearly, although the nonlinearly-realized operators also have a useful form. This 
is consistent with our expectations of the standard bosonization procedure, which 
gives linear realizations for the bosonic fields of only the flavor-diagonal fermionic 
currents. In this respect, both of the representations could be improved by turning 
to the third realization mentioned in sect. 4, which corresponds to a nonabelian 
bosonization of the fermionic theory; however this third realization is not practical 
for the kind of calculations currently contemplated. 

From this point on the construction of the heterotic string proceeds as before, 
except that the internal bosonic operators must be replaced with the corresponding 
fermionic operators. 

4. Covariant quantization 

Thus far we have exhibited an apparently consistent light-cone quantization of 
the heterotic string. However, the light-cone formalism receives its justification as 
a geometric theory of surfaces by virtue of its being the gauge restriction of a 
reparametrization-invariant theory. Maintaining reparametrization invariance in the 
quantum theory is an essential requirement for the consistency of the theory; it is 
responsible for the critical dimensions 10 and 26. In this section we will describe 
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both the path integral and operator formalisms for covariant quantization; the key 
point is that a proper BRS quantization shows that all potential anomalies cancel 
between the Faddeev-Popov ghosts and the string fields. 

The path integral approach begins with a covariant action for the heterotic string. 
In principle, we would like an action which is manifestly group and supersymmetry 
invariant. The appropriate covariant framework for the E g x E 8 and Spin(32)/Z 2 

currents is a nonlinear sigma model on the group manifold, with a Wess-Zumino 
term [25]. Of course the sigma model fields have to be constrained to be left moving. 
Similarly, a covariant action for the superstring exists [26] which may be thought 
of as a nonlinear sigma model on superspace (the super-translation group manifold) 
with a WZ term [27]. An arbitrary element of the super-translation group may be 
written as h =exp {i[X • P+d- Q]}, where X K ( /*=()••-9) and 6" (a ten-
dimensional Majorana-Weyl spinor) are the superspace coordinates and P and Q 
generate translations and supersymmetry transformations, respectively. In terms of 
the derivatives 

h-l{x)dji(x) = (bJC1- ~ iey»Bae)P„ + BaB • Q, 

the covariant superstring action may be written 

•Swiaa^jd2teitx[(h^e"aaah)(h-leafiafih)]+rh. 

(4.1) 

(4.2) 

The eZ define a local tangent space frame in terms of the coordinates £ a which 
parametrize the world sheet (e = det e£). We choose the arbitrary normalization of 
the generators tr{P l i.Pv) = rj^; also tr(QaQb) = 0. rh is the Wess-Zumino action 
[25] which cannot be written as a local functional of the fields, but can be constructed 
in terms of the derivatives (4.1) as a three-dimensional integral when the world 
surface has spherical topology 

A = d 3f eaPy tr [(h-ldah)(h-ld0h)(h-ldyh). (4.3) 

rh is nonvanishing due to the relation lr[QaQbP"] = (y'*C~l)ab. 
In the case of the heterotic string we want (4.2) to describe the dynamics of the 

"right" movers, where "right" is defined in terms of the local frame. We therefore 
add to the action the term 

-'constraint = d2Ze\++{h-le°+dah)(h-le%h) (4.4) 

(here £ ± = T±CT are two-dimensional light-cone coordinates). This indeed enforces 
the constraint that the superstring coordinates are only right moving. Similarly, to 
describe the left-moving coordinates of the heterotic string, we introduce g = 
exp{f[X- P + 4>aT"]} where T" are the generators of G = E 8 x E 8 or Spin(32)/Z2 

and <$>a are the local coordinates on G. The dynamics of the left movers is then 
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described by the same action (4.2), together with the constraint (4.4), but now with 
all +'s replaced by —'s. This ensures that g is only a function of left-moving 
coordinates (in the local frame). 

However, the covariant superspace action is difficult to quantize due to the 
presence of certain second-class constraints [26], and the sigma-model approach is 
unwieldy for practical calculations. The heterotic string is no worse in this regard 
than the ordinary superstring, with the possible exception of the question of reconcil
ing the local fermionic symmetry of (4.2) [26] with the new constraints (4.4). 

Thus although it would be nice to have a manifestly reparametrization invariant, 
Lorentz invariant, group invariant, and supersymmetric formalism, such an approach 
is not yet practical. Two options are then available: first, one can give up manifest 
Lorentz and reparametrization invariance and construct the theory on the light cone 
as we have done in sects. 2 and 3. Here supersymmetry is manifest, but full Lorentz 
invariance is not and must be checked. The light-cone approach is the one most 
suitable for simple calculations, and we will employ it in the following paper on 
interactions [9]. The second alternative is to give up manifest supersymmetry while 
retaining Lorentz and reparametrization invariance; it is this approach that we will 
now discuss. 

We have seen that the group theory may be represented in terms of left-moving, 
Lorentz scalar, bosons or fermions. Their action may be written in a manifestly 
covariant form as 

space-time action is [28] 

S c f e r m i o n H <?€ €&* 'ela.* ' ] . 

or 

•'G.boson " d2te[\(ea

adQX')2 + k-(el8aX')2]. (4.5) 

Here ^'{1 = 1 • • • 32) are the internal fermionic coordinates, X'(I = 1 • • • 16) are 
the internal boson coordinates, and A is a Lagrange multiplier which, as in (4.4), 
eliminates the right-moving bosons [13]. 

The ordinary superstring has a similar covariant formulation in terms of the 
Neveu-Schwarz-Ramond model. Here one describes the fermions by fields in the 
vector representation of 0(9,1). This is precisely analogous to the representation 
of the heterotic internal degrees of freedom given in sect. 3, where (say for G = 
Spin(32)/Z2) one employs fermion fields il>', in the vector representation of 0(32). 
As we have explained, the states of the system will depend on the choice of boundary 
conditions. Periodic.(antiperiodic) boundary conditions on the fermion fields will 
yield states which are 0(9,1) spinors (tensors). Space-time supersymmetry inter
changes the two sectors and will not be manifest. In the case of the heterotic string 
the fermionic fields are further constrained to be right-moving, and thus the total 
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space-time action is [28] 

Ss^.Am^^d^e[{{elBaXn2-hi^P~elBar+Wypar)^X^. (4. 6) 

This action involves the space-time coordinates X", 0(9,1) fermions <K, the 
zweibein e° and its right-handed gravitino partner £„ (pa are two-dimensional 
-y-matrices). In addition to local reparametrization invariance, this action has an 
"iV = 5" local supersymmetry 

8X» = ie^, 
8^=[daX-+y((a^)]pas, 

with a right-handed spinor parameter that satisfies p e = V + s = 0. 
Quantization is most easily performed in the superconformal gauge 

ea=zvoa , Q =p t). 

(4.7) 

(4.8) 

With this choice the total heterotic string action, (4.5)+ (4.6), describes a set of free 
fields (we choose the fermionic form of Sa for simplicity): 

•^hei ,-JdW {daxn2+\wp-d-<i'*+Wp+z+<i>1} (4.9) 

since the conformal degrees of freedom <f> and 17 decouple classically. This action 
still has a residual invariance under conformal reparametrizations (and their right-
handed two-dimensional superpartners) 

which preserve the gauge (4.8). These transformations are generated by the com
ponents of the two-dimensional energy-momentum tensor and superconformal 
current 

r + + = (a + x , i ) 2 +/</r f v + d + <r, 

T__ = (d_X M ) 2 + iiJ/'p^.X', 

s+ = i(d+xn^. (4.u) 
The (super)conformal symmetries allow us to classically specify the further gauge 
choices 

X* = X~+P+T, «A+ = 0. (4.12) 

This procedure can be justified quantum mechanically in a hamiltonian framework 
[29]. The constraints T + + = T__ = S+ = 0 enable us to solve for X~ and >l/~ in terms 
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of the physical degrees of freedom X', ij/' (i = 1 
only global r and a translations, generated by 

I), <!>' (1 = 1 • • -32); this leaves 

H=\ [X2 + X'2 + itb'- iPi'+iijj'tjj'')d2^,' 

P = (X-X' + iii/ '-.r-(<AV')d 2f, 

as residual invariances. Finally we arrive at the light-cone gauge action 

5 = d2maaX')2+Wp-d_V+Wp+K'l''] 

(4.13) 

(4.14) 

Eqs. (4.13) and (4.14) are just the Neveu-Schwarz-Ramond version of the light-cone 
gauge heterotic string action (2.1) and constraints (2.17) and (2.19). Thus we see 
that one may derive the light-cone heterotic string from a manifestly reparametriz-
ation invariant action. Checking that Lorentz invariance is maintained upon quantiz
ation is the easiest way to ensure that no anomalies of reparametrization invariance 
have appeared. 

At this point we are more interested in maintaining manifest Lorentz invariance 
as well as checking two-dimensional coordinate invariance explicitly. Hence we will 
not choose the light-cone gauge (4.12), but rather explore the quantum mechanical 
consequences of (4.8). In the path integral over the action, factoring out the gauge 
group volume via the choice (4.8) involves computing a jacobian measure factor 
from the fluctuations of the metric induced by infinitesimal reparametrizations 

«&*=?(«,«&>. (4.15) 

This jacobian, as well as the corresponding factor arising from fixing the N = \ 
supersymmetry, may be represented via standard manipulations [30] as a path 
integral over ghost fields. The ghost action is 

^ghost d2£[b++V+c^ + b— V_c_ + /TV_y] , (4.16) 

where b, c are the reparametrization ghosts and /3, y are the local supersymmetry 
ghosts. 

Evaluating the path integral in the gauge (4.8) reduces to calculating a series of 
functional determinants of differential operators of various conformal spins. The 
conformal spin of a quantity is defined by the (possibly half-integral) phase e"1" it 
acquires under a two-dimensional rotation by angle 8. The covariant derivative 
V 
(n + 1). The effective action consists of the combination 

e < n n*a+ en<* maps the tensor space of spin n into the tensor space of spin 

lnS e f f = de t - 1 0 / 2 [4o = VJV 0 +V 0 V 0 l de t l o (Vr / 2 )de t 3 2 (V_ I / 2 ) 
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Because of the chiral asymmetry of this expression there is an ambiguity in the 
phases of each of these determinants (except A0). The last two are hermitian 
conjugates and therefore do not contribute to the phase anomaly. The remaining 
spin-! and spin-! anomalies have been computed by Alvarez-Gaume and Witten [3] 
with the result that 22( = 32—10) spin-! determinants precisely cancel the anomaly 
of a spin-! determinant*. Note that if we had worked with the bosonic representation 
of G, we could calculate the anomaly of a left-moving boson by regarding it as an 
antisymmetric 0-index tensor. One finds as expected that one such boson has the 
same gravitational anomaly as two Majorana-Weyl fermions. Thus we find that the 
heterotic string is anomaly free. 

In addition to the potential phase anomaly, there is also a possibility of an 
anomaly in the modulus of the expression (4.17) since conformal invariance is an 
anomalous symmetry. The modulus may be regulated in any number of ways [31] 
and the anomaly again cancels in the critical dimension, 10 for the right movers 
and 26 for the left movers. 

One may also study the anomaly cancellation in an operator approach [30]. There, 
analytic reparametrizations are generated by the stress-energy tensor T_+, anti-
analytic ones by T__; conformal invariance is expressed by the tracelessness condi
tion Ta

a = 0. The Fourier components 

L„ = df e'^T^U) ; 

= • - ! 
d£eT_-(£), 

generate the algebra of reparametrizations (the Virasoro algebra) 

[L„, L J =(n-m)L„+m+T2c{ni-n)8„^m, 

lL„, Lm] =(n-m)Ln+m+T2c(n3-n)8„t-m, 

(4.18) 

(4.19) 

which has, in general, a c-number anomaly given by the second term. When the 
stress tensor includes all the relevant string and ghost field contributions, one finds 
c = c = 0. This is the operator equivalent of the anomaly cancellation found in the 
path integral approach. 

It is this striking cancellation of anomalies that results in string theories being 
the only known examples of quantum field theories embodying quantum-mechanical 
reparametrization invariance; it is this geometric fact that accounts for their remark
able properties. 

* We should note that the number 23 in sect. 12 of [3] has had the contribution of a single fcrmion 
subtracted. 

*•*•*• 
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5. Conclusions 

In this paper we have constructed a new type of quantum string theory, the 
heterotic string, an amalgamation of the old fermionic and bosonic strings. We have 
shown that, at the noninteracting level, the heterotic string theory satisfies all the 
usual consistency requirements. Thus the formal reparametrization invariance, 
embodied in the geometrical formulation of the action, suffers no anomalies upon 
first quantization. Equivalently the light-cone gauge (unitary) formalism preserves 
the Lorentz invariance and (N = 1) supersymmetry of the theory. The spectrum of 
the free heterotic string is ghost and tachyon free, with a massless ground state 
consisting of D = 10, N = 1, supergravity and super-Yang-Mills gauge bosons and 
their fermionic partners. In the following paper [9] we shall show that interactions 
can be consistently introduced and that the theory is one-loop finite. It is certainly 
true that the formulation of the heterotic string appears somewhat awkward and 
contrived. This is not a shortcoming of our theory; rather it is indicative of the 
present level of understanding of all quantum string theories, which leaves much 
to be desired. Many of the most remarkable features of these theories emerge without 
a full comprehension of their origin. Most mysterious are the general coordinate 
invariance and local gauge symmetries of string theories, whose appearance lacks 
a geometrical explanation. This suggests that there exists a more profound formula
tion of string theory, in which these features would be manifest. In such a formulation 
the heterotic theory might appear more natural. It certainly occupies a natural niche 
between the 26-dimensional closed bosonic string theory and the 10-dimensional, 
closed fermionic string theory. 

The special feature of the heterotic string theory is the appearance of a (almost) 
uniquely determined local gauge symmetry group G = E 8 x E 8 or Spin(32)/Z2. 
Heterotic strings are closed, so that there is no place to attach charges as one does 
in the case of open strings. Instead the gauge group arises via a Kaluza-KJein-type 
mechanism stemming from the compactification of 16 of the internal coordinates 
of the string. These are required, by consistency of the theory, to lie on a particular 
16-dimensional torus. This compactification produces 16 gauge bosons associated 
with the isometries of the torus, but in addition it yields 480 massless solitons which 
wind around the torus. Together they fill out the adjoint representation of G, and 
all the physical states of the heterotic string form unitary representations of G. 
Nowhere do we require anomaly cancellation. Instead the gauge groups E 8 x E 8 and 
Spin(32)/Z2 arise from other considerations. In fact we can now understand why 
D = 10, N = 1 supergravity is anomaly free only if one chooses these gauge groups. 
These anomaly-free field theories are simply the low-energy limit of the heterotic 
string (as we shall see explicitly in the following paper [9]). 

Among the ill-understood features of quantum string theories is their high degree 
of uniqueness. The heterotic string provides us with two more entries (depending 
on whether G = E 8 x E 8 or Spin(32)/Z2) to an extremely short list of consistent string 
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theories. Are there any more? We do not know the complete answer to this question. 
However, the only new theories that we know how to construct, using the ideas that 
underlie the heterotic theory, are two-dimensional. Since the heterotic strings are 
formed by combining left and right movers of separately consistent closed string 
theories, the only additional theories of this type that we know are based on the 
D = 2 fermionic string theory of ref. [32]. The right-moving sector of this theory 
could be combined with the left-moving sectors of the D = 10 fermionic string or 
the D = 26 bosonic string to yield new two-dimensional string theories. In the latter 
case we would again compactify the 24 internal dimensions of the string on a torus 
based on a 24-dimensional self-dual lattice, of which there are exactly 24 types 
(including the famous Leech lattice). It would be very amusing to construct these 
theories. 

From a practical point of view the heterotic string, particularly in its E 3 x E s 

manifestation, provides a very promising candidate for a unified theory of gravity 
and matter. Recent investigations have shown that this theory possesses features 
which may solve many long-standing problems in particle physics. Among these 
are: compactifications with zero cosmological constant of 6 of the 10 space-time 
dimensions to a four-dimensional theory with an unbroken E 8 x E 8 symmetry and 
some number of chiral fermion families of E 6 [33], a natural mechanism for breaking 
E 6 down to an acceptable low-energy gauge group [33], a mechanism for splitting 
weak Higgs doublets from color Higgs triplets [34], and a mechanism for supersym-
metry breaking with zero cosmological constant in the "hidden" E 8 sector [35]. 
Although much work remains to be done there seem to be no insuperable obstacles 
to deriving all of known physics from the E 8 x E 8 heterotic string. 
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MONOPOLE CATALYSIS OF BARYON DECAY 
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In the presence of magnetic monopoles, the baryon-number-violating effects of grand unified 
gauge theories are not suppressed by inverse powers of the unification mass. As a result, monopoles 
catalyse proton decay at rates typical of the strong interactions. This phenomenon is caused by 
boundary conditions which must be imposed on fermion fields at the monopole core. They mix 
quarks and leptons and cause the monopole to have indefinite baryon number. We present a 
simplified account of these phenomena as well as-their implications for proton decay and monopole 
search experiments. 

1. Introduction 

Recent studies [1-4] of the way quarks and leptons interact with unified gauge 
theory monopoles have shown that the amplitudes for processes of the type 

M + p ^ M + e + +mesons 

are essentially independent of the unification mass, M^1, Since the only other scale 
in the problem is the usual confinement scale, this sort of proton decay catalysis 
reaction must have a cross section of typical strong interaction magnitude. This 
surprising result violates our intuition about the smallness of baryon-number-
violating rates and means, among other things, that proton decay experiments are 
excellent detectors of any cosraological flux of grand unification monopoles! 

In this paper, we will try to give a transparent account of the physics underlying 
this theoretically remarkable and potentially practically important phenomenon. 
We will also point out a number of open problems in this new and fascinating 
branch of monopole physics. In order to be brief and intelligible, we will refer the 
reader to our earlier papers for certain technical points. We also refer the reader 
to papers of Rubakov [1] and Wilczek [4] for independent discussions of the basic 
ideas underlying this development. The work of Rubakov is closest to ours, both 
in the techniques used and in the explicit realization that proton decay catalysis is 
essentially a strong interaction process. 

Present address: CNRS, Lab. de Physique Theorique de l'Ecole Normale Superieure, 24 rue 
Lhomond. 75231 Paris Cedex 05. France. 
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2. SU(5) monopole summary 

To be definite, we choose to work with the standard SU(5) model with one 
generation of quarks and leptons. The existence of more massive generations does 
not qualitatively change anything we shall say. The least massive monopole of this 
theory has the following structure [5]: There is a core of radius M ^ 1 in which all 
the SU(5) vector meson degrees of freedom are excited. Outside this core, only 
color magnetic and ordinary magnetic fields survive [the unbroken symmetry group 
is SU(3)xTJ(l)]. These long-range fields are the superposition of two ordinary 
single-Dirac-unit monopoles, one for ordinary charge, Q, and one for color hyper-
charge, Yc. Because of color confinement, the color magnetic field is eventually 
screened, even though its string is not. It is convenient to choose a gauge such that 
Yc and the monopole's color magnetic field are proportional to A8. This singles out 
the three direction in color space, but not in a way which compromises gauge 
invariance. 

The quarks and leptons have both ordinary charge and color hypercharge. Outside 
the monopole core, they move as particles of total charge Q = Q + Yc in a simple 
abelian Dirac monopole. The 5 + 10 fermions of SU(5) divide as follows according 
to their Q eigenvalues: 

(2 = 1: e*diUiu2, 

Q = -\: e~d3iliU2, 

< 2 = 0 : did2Uid\d2U3, 

(the symbols identify the independent right-handed Weyl fields of the theory). 
Q = 0 fermions do not interact with the monopole at all. The others behave as 
particles of charge-monopole strength Qg = ± | (for a Dirac pole, monopole strength 
g-i). 

Specifically SU(5) physics will enter the picture only for those fermions which 
can penetrate inside the monopole core. A look at the solution of the Dirac equation 
in a monopole field [6] shows that, for all but the lowest angular momentum partial 
wave, the wave function vanishes at the origin. (The distinguished partial wave has 
J = \eg\-\, where eg is the charge-monopole strength product - in our case / = 0). 
Since the core radius, MZ \ is so small, we take this to mean that at ordinary 
energies the J ^ 0 partial waves are completely decoupled from the core and from 
SU(5) physics. 

The / = 0 partial wave function not only does not vanish at r = 0, but 100% of 
any incoming flux must pass through the point r = 0 (this is simply because there 
is no repulsive or centrifugal barrier to turn it back). Furthermore, a charged particle 
cannot pass through a monopole unscathed: A charge e in the presence of a pole 
of strength g has an electromagnetic field angular momentum egf, where f is the 
unit vector from the monopole to the charge. When the charge passes through the 
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pole, t discontinuously changes sign, to the detriment of angular momentum 
conservation! This problem would be solved if, on passing through the monopole, 
the particle changed the sign of its charge. For broken gauge theory monopoles 
this is a live possibility: the fermion multipiets typically contain particles of both 
signs of the charge and the core contains fields which can cause transitions between 
them. Indeed, the solution of the Dirac equation for a typical gauge theory 
monopole, including the details of the core structure, shows that this is precisely 
what happens to fermions in the J -0 partial wave [7, 8, 3]. In our problem the 
charge relevant to the angular momentum argument is not electric charge but 
Q = Q + y c . An examination of the details of the SU(5) monopole structure shows 
that the Q = ±1 fermions pair up at the core as follows: 

£)• £)• 0- © 
It also turns out that in the / = 0 partial wave, the upper components of these pairs 
appear solely as incoming waves and the lower components solely as outgoing 
waves [7]. 

The net effect of the monopole core is to impose a simple boundary condition 
at r = 0 on the J = 0 fermion fields [8] which causes a Q = +1 field to couple to a 
specific (5 = 1 field. The details of these connections reflect the specifically SU(5) 
structure of the monopole and obviously communicate SU(5) effects to low-energy 
fermion physics. This boundary condition makes no explicit reference to the 
unification mass and remains unchanged when we shrink the core size to zero. 

3. / = 0 field theory 

To understand how SU(5) effects show up in low-energy physics, it should be 
adequate to- study a model which contains only those 7 = 0 fermion degrees of 
freedom which actually interact with the core. (The strategy of keeping only the 
7 = 0 degrees of freedom has also been used by Blaer, Christ and Tang [7] in 
studies of related aspects of the monopole problem). This model would be easy to 
solve but for an effect we have so far neglected: when a fermion scatters from the 
core and changes its charge, the lost charge must be deposited on the monopole 
core in order to maintain overall charge conservation. Since the core radius is zero, 
the Coulomb energy of the charge on the core is infinite and the core must neutralize 
itself by some sort of pair creation process. In other words, we must include all 
relevant Coulomb energies in our problem and, having done so, we must be prepared 
to deal with the model as a field theory in order to account for the inescapable 
pair creation effects. 

Because we keep only one partial wave, the field variables depend on only one 
spatial coordinate (the distance from the origin) and the model is essentially 
one-dimensional in character. Since many one-dimensional field theories are exactly 
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soluble and many tricks for simplifying them are known, there is hope that our 
monopole model field theory can be, if not solved, understood. This basic idea was 
developed independently by Rubakov [1] and ourselves [2, 3] with encouraging 
results which we will make heavy use of here. The essential trick is to use the 
"bosonization" method [9] to convert our one-dimensional Fermi theory into an. 
equivalent boson field theory. The hope, often verified in other contexts, is that 
the qualitative behaviour of the boson theory will be easier to determine than that 
of the Fermi theory. We will simply present the result of carrying out this transforma
tion on the monopole field theory and refer the reader to our previous papers for 
an account of the details. 

As already explained, the active fermions are the Weyl fields corresponding to 
e + , e~, d 3, ui, Qi, u 2 , u 2 . To each pair of Weyl fields of a given particle type (i.e. 
to each Dirac field) there corresponds a single scalar field defined on 0 < r < o o : 

(«2, U2)-KPn2-

The scalar fields satisfy boundary conditions at r = 0 which are the transcription of 
the boundary conditions satisfied by the original Fermi fields at the monopole core: 

# e~(0) = <Z>a3(0), 

<P»,(O) = 0» 2(O), 

*;-(0) = -<PS 3(0), 

*u 1(0) = - * ; 2 ( 0 ) . 

The lagrangian of the system is the sum of terms equivalent to the original 
fermionic kinetic energy, mass term and Coulomb energy terms: 

= f dr 
Jo 

(LK + LM + LC), 

where 

L M = lM?cos(2>/ir*,) , 

Lc = , , 2 2 (4>e~ + 3<£d3 + §tf U l + f * U l ) 327T r 

(>/i*a,+4<Pu1+4<p«a)2 

3 2 ^ V V 

327T r 

The sum over i is a sum over the four fermion species, the sum over y. runs over 
the two indices r and t and the y}t are related to the bare masses of the fermions. 
The three terms in L c correspond to the three relevant Coulomb energies (electric, 

C.G. Ca 

color hypercharge and cole 
of QED and SU(3) color [T 
We have left out the transv 
effect on our results and ca 

The structure of the Cou 
the quantity <£,(r)/vV is to 
inside the sphere of radius 

is simply the net electric ci 
the charges of e + , d 3, ui an 
the electric Coulomb energ 
the Yc and I3C Coulomb er 
is that &i(0)/y/ir is to be i 
the monopole core. It is aln 
that gauge theory monopole 
for a slight generalization o 

Although we are now wc 
leptons are still present as 
the scalar theory. At large r 
lagrangian is just a sum of s 
A soliton is a configuration 
to a neighboring minimun 
shape of the step is determi 
is explicitly known for the s 
of the charge carried by <P( 

propagate freely and have £ 
original fermions. 

Let us first find the gn 
corresponding to our scalar 
teed to give us the correc 
dimensional field theories i 
minimize the kinetic term, £ 
cos "hJir<P mass term, these > 
M/vir); the n, must be choser 
the boundary conditions at r 
is 

where N is any integer. In 
vacuum states. This vacuur 
model and we shall see that 



yon decay 

>wn, there is hope that our 
erstood. This basic idea was 
ves [2, 3] with encouraging 
essential trick is to use the 
sional Fermi theory into an. 
:d in other contexts, is that 
asier to determine than that 
carrying out this transforma-
r to our previous papers for 

/eyl fields corresponding to 
Df a given particle type (i.e. 
ild defined on 0 < r < oo: 
5 a 3 , 

> 

hich are the transcription of 
fields at the monopole core: 

*>a 3(0), 

equivalent to the original 
•gy terms: 

&J1 

1<*u 2 

;, the sum over /x runs over 
>are masses of the fermions. 
Coulomb energies (electric, 

C.G. Callan, Jr. / Monopole catalysis of baryon decay 395 

color hypercharge and color isospin) and the coupling constants e and g are those 
of QED and SU(3) coior [They are equal only at the scale where SU(5) is unbroken.] 
We have left out the transverse gauge degrees of freedom: they have no qualitative 
effect on our results and can be accounted for at some later date. 

The structure of the Coulomb term requires a little explanation. It turns out that 
the quantity <t>i{r)/-Jtr is to be interpreted as the net number of /-particles contained 
inside the sphere of radius r. Therefore the quantity 

(4V(r) + 5#a,(r) + §*U l(r) + !*„,(/)) 

is simply the net electric charge contained inside the sphere of radius r (because 
the charges of e + , d 3, u t and u 2 are 1, 3, f and §) and the first term in L c is indeed 
the electric Coulomb energy. Similar arguments show that the next two terms are 
the Yc and /3c Coulomb energies. An important aspect of this interpretation of <£f 

is that 0,(0)/vV is to be interpreted as the net i-particle number contained on 
the monopole core. It is already well-known from studies of the dyon problem [10] 
that gauge theory monopoles can carry electric charge. Our formalism simply allows 
for a slight generalization of this phenomenon to other charges. 

Although we are now working with a scalar field theory, the original quarks and 
leptons are still present as physical excitations. In fact they appear as solitons of 
the scalar theory. At large r, the Coulomb energies are negligible and the remaining 
lagrangian is just a sum of sine-Gordon lagrangians, one for each type of fermion. 
A soliton is a configuration in which <£, takes a step from one minimum {<P-, = n -Jir) 
to a neighboring minimum (<Pi = (n± l)Vir) of the cos 2-/TT<P mass term. The 
shape of the step is determined by minimizing the energy of the configuration and 
is explicitly known for the sine-Gordon theory. This step will be assigned ±1 units 
of the charge carried by <PX according as the step is from n to n ± 1. These solitons 
propagate freely and have all the charge, energy and momentum properties of the 
original fermions. 

Let us first find the ground state of the system by minimizing the energy 
corresponding to our scalar field lagrangian. (This classical procedure is not guaran
teed to give us the correct quantum ground state, but experience with one-
dimensional field theories indicates that it is usually qualitatively correct.) To 
minimize the kinetic term, all the #, must be constant in space; to minimize the 
cos 2^ir4> mass term, these constant values must be integral multiples of vu-(<£; = 
rii-Jir); the nf must be chosen such that the three Coulomb energies vanish; finally, 
the boundary conditions at r = 0 must be met. The solution of all these requirements 
is 

*m = *u2

:=iVv'-n-, <£e* = <£a3 =-WV-rr, 

where iV is any integer. In other words, there is a discrete infinity of degenerate 
vacuum states. This vacuum structure is very similar to that of the sine-Gordon 
model and we shall see that its interpretation is essentially the same. 
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We mentioned earlier that a value of <P{ — N-JTT{—N*JTT) at r = 0 means that 
TV particles (antiparticles) are lodged on the monopole core. The TVth vacuum state 
therefore corresponds to having TV times the combination (e~uiu 2d 3) lodged on the 
core. This combination has zero charge and is colorless, but it does have baryon 
and lepton number. In fact, the TVth monopole vacuum has baryon number and 
lepton number equal to TV! The monopole has the remarkable ability to absorb 
bayon and lepton number at no cost in energy. 

Equally important, these states readily communicate with each other. It is easy 
to construct a time history for the <£, which converts the TV = 0 vacuum into the 
TV = 1 vacuum, at all times satisfies the boundary conditions and has finite action. 
The sequence of events is described in fig. 1. The outgoing solitons in fig. lc are 
to be interpreted as f ermions or antif ermions and the process as a whole describes 
the event 

(TV = l)-*(TV = 0) + e" + u 1 + u 2 + d 3 . 

It is important that at all times in this process the Coulomb energies remain finite 
as do all other terms in the lagrangian: the history in question has finite action. 
If the four fermions escape to infinity the quarks will, of course, bind into a proton 
and the reaction will go only if enough energy is supplied, say through a photon, 
to create a p + e~ pair. Since the degenerate vacua are accessible to each other, the 
true monopole ground state will be the familiar superposition state \M) = £ N |/V) 
and the TV-vacua lose any distinct meaning. They are no more and no less meaningful 
than the degenerate vacua of the sine-Gordon model between which the soliton 
solutions interpolate. As a result, the reaction just described will be realized as 
y + M-*M+p + e _ . The reaction rate will be of standard strong interaction magni
tude since at no stage do small dimensionless numbers or weak interaction scales 
enter. 

By a similar line of argument, we can show that baryon-number-violating scatter
ing processes such as Ui + M - » M + u 2 + d 3 + e + will occur with large cross section. 
The method is to construct a time history starting with an incoming u-type soliton 
and finishing with outgoing u, d and e solitons which at all times satisfies the 
boundary conditions. The rule of thumb is that any process which has the net effect 
of absorbing or emitting the famous combination uiu 2d 3e~ at the monopole core 
is allowed. Since there are no special suppression factors at work, the cross section 
will be of the order of the unitarity limit for the 7 = 0 partial wave: cr = E - 2 C , 
where E is the incident fermion energy and C is a constant of order one. The 
detailed calculation of C is an interesting and not impossibly hard problem. It 
should be realized that there are other open channels than the ones explicitly 
mentioned - the calculation of detailed branching ratios is again an interesting 
strong-interaction physics problem. In the reactions of direct concern to us the 
monopole catalyzes a baryon number violation because it emerges unscathed from 
the reaction. 
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Fig. 1. (a) Initial N = 1 state of the monopole vacuum, (b) Intermediate configuration in the passage 
to S = 0. (c) JV = 0 final state plus outgoing solitons. 

Before proceeding to a discussion of the practical consequences of these 
phenomena, we should say a few words about how they are modified by the addition 
of more fermion generations. The existence of a second fermion generation requires 
us to add four new active fermions, /x + s 3 CiC 2 , in parallel to those of the first 
generation. The charmed quarks are so massive that we can reasonbly neglect their 
contribution to the dynamics of the monopole vacuum. The /n and strange quarks, 
however, have masses comparable to the confinement scale and can be expected 
to play an active role. A generalization of the argument given earlier in this section 
shows that the monopole ground state now has a degeneracy indexed by rwo 
integers. .V, and V ; . .V, counts the number of times the monopole has absorbed 

W 
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the combination e~d 3uiu 2 while N2 indexes the number of times the monopole has 
absorbed the combination /x ~s 3uiu 2. The true ground state will of course be the 
superposition | M ) = XN,NT2 |WiiV2) and there will be two distinct classes of baryon-
number-violating reactions 

y +M-»M + (e~d3UiU2), J L c ^ O , 

y + M->M + Ox~s3UiU2), ALH^0. 

Because of the significant mass difference between (e, d) and (/x, s) fermions, the 
rates for the two processes will be rather different at low energy. 

Two conclusions emerge: because the monopole is a superposition of iV-vacua, 
it is a state of indefinite baryon and lepton number (this conclusion has also been 
reached by Wilczek [4]); as a result, baryon-number-violating reactions will occur 
when the monopole interacts with external particles; most important of all, the 
rates and cross sections of these reactions are of strong interaction magitude. The 
only dimensional parameters which enter into the discussion are the fermion masses 
and the confinement scale. All reference to the weak interaction or grand unification 
scales has disappeared into the boundary condition at the origin. The color 
confinement scale will play a major role in determining detailed rates and branching 
ratios, since strongly interacting particles are involved. A detailed analysis would 
require a serious treatment of confinement effects. In what follows we will not 
attempt such an analysis, but will see what conclusions can be drawn from the 
general observation that baryon decay catalysis rates are of strong interaction 
magnitude. 

4. Proton decay and other matters 

The most important consequence of all this is that the proton decay catalysis 
reaction 

p + M-*M + e + + hadrons 

(where M is a monopole) is a strong interaction process. For simplicity, let us 
describe the proton via the bag model and let the incoming particles be non-
relativistic (almost certainly the relevant case for the interaction of present-day 
monopoles with terrestrial matter). For anything to happen, the monopole must 
pass inside the bag. Soon after it does so, one of the relativistic valence quarks will 
scatter from the monopole, turning itself into two antiquarks and a positron by a 
reaction such as 

Ui + M -» M + U2 + d 3 + e* . 

In this process, the several hundred MeV of kinetic energy of the valence quarks 
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is presumably shared by the three outgoing fermions. The positron will therefore 
immediately emerge carrying about 100 MeV of energy and the bag is left holding 
the exotic state U2U2d3d3. Although not much is known about how exotic states 
decay, it seems plausible that this one will decay preferentially to two IT'S. The net 
result, p-*e+ + 2TT, is not qualitatively different from the dominant decay mode for 
direct proton decay via X-exchange, although detailed branching ratios and energy 
and angular distributions would be quite different. 

Since the monopoie must first enter the bag for the reaction to occur, the cross 
section for proton decay catalysis will probably be of the order of the geometrical 
area of the proton (<r = 10~26 cm2). Worse yet: since the reaction is a typical 
exothermic capture process, the cross section will also have a factor of (relative 
velocity)-1, which factor might be as big as 103 for galactic monopoles incident on 
earthbound matter [1]! The passage of a monopoie through ordinary matter will 
therefore be a very distinctive event: every few meters or so (perhaps even every 
few cm!) one GeV of ionization, arising from the decay of a proton, will appear 
as a localized burst. Since proton decay detectors are designed to observe such 
ionization bursts, they would appear to be excellent devices for measuring the 
cosmological monopoie flux. Since detectors of linear dimension about equal to 
I'm have operated for times of order one year without seeing any such events one 
can tentatively set a limit of about 10~ n cm~ 2 s - 1 on the local flux of grand 
unification monopoles. 

The presence of monopoles would also have a significant effect on the baryon-
number-generation scenarios that have been worked out in the context of Big Bang 
models. This is because any baryon excess produced by an initial CP-violating event 
is eaten away by subsequent baryon-number-violating reactions, and it is important 
that these reactions turn off rapidly enough as the temperature decreases so that 
the baryon excess is not completely destroyed. Since the monopole-associated 
baryon-number-violating rates decrease less rapidly with decreasing temperature 
than the conventional ones (because the cross sections increase with decreasing 
energy as E~2) the whole baryon excess problem has to be rethought. A rough 
estimate of this effect has been carried out by Ellis et al. [11]. They find that most 
of the baryon number destruction caused by monopoles comes at the time of the 
confinement phase transition (i.e. well after the time of baryon excess production). 
The requirement that the baryon excess not be thermalized to zero at this tem
perature sets an upper limit on the monopoie density in the universe which turns 
out to be significantly larger than the well-known astrophysical limits on monopoie 
density. Turning the argument around, one can say that if the monopoie density 
is of order the upper limit imposed by the persistence of the galactic magnetic field, 
then only a small fraction of the existing baryon number of the universe could have 
been "eaten" by monopoles during the passage through the confinement transition. 
In other words, there is no obvious conflict between monopoie catalysis of baryon 
decay and available astrophysical/cosmological evidence. 
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5. Conclusion 

Although there are many aspects of this subject that are imperfectly understood, 
the basic qualitative conclusion that grand unification magnetic monopoles cause 
protons to decay rapidly is solidly founded. This realization opens new prospects 
for monopole search and proton decay experiments and provides a new and 
fascinating arena for developing strong interaction calculational methods. 

There are at least three important issues which we should be able to discuss 
with the help of the methods used in this paper. It is implicit in what we have said 
that monopole-induced baryon-number-violating physics depends on the underly
ing grand unification theory and we should investigate how the phenomenology 
depends on the unification theory. We should discuss the effect of CP-violating 
phases on the monopole ground state (where they will induce fractional electric 
charge) as well as on the baryon-number-violating cross sections (when they will 
induce asymmetries between AB = ±1 reactions). Finally, it should be possible to 
make quantitative statements about the amplitudes for specific baryon-number-
violating processes, at least in the limit of large cm. reaction energy where 
confinement effects should be in some sense irrelevant. This is a highly non-trivial 
quantum field theory problem, but, since it has been solved for certain one-
dimensional theories, there is some hope that something can be done for our model 
of the monopole system. 
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