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PREFACE 

The scvcntrt^nlh annual SLAC Summer Institution Partirlr Fliysirs was hrW 
from July 10 lo 21, 1989. Fiist refill Is fiom Hit- SLC and iiK-re-awd luminosity 
from hadron colliders inspired the topic of "Physics at the 100 GrV Mass Scale.** 
Experimental and theoretical aspects of this topic were explored by a Iota! of 
305 participants from 10 countries. The school portion of the Institute featured 
lectures oil this subject 1>y M. Chanowitis, K. Ellis, I, llinchtiffc, R. Hollrberlc, M. 
L*vi, M. Peskin, M. Shapiro, and M. Swart z, Another series of lecture*: discussed 
accelerator technology for building new hadron and c 4 e ~ machine. These talks 
w Lie presented by 11. Edwards, K. Kulh. ft. Sic in ami, arid M. Tigmr. 

The afternoon discussion session were very m».<h enhanced and enlivened by 
presenting supplementary material and by posing probing questions to tl>e lec
turers, tt'c zie indebted to the following people f r serving as provocateurs; M. 
Bcrger. A. Cooper, C. Dib. A. Hsieh, R. Kauffman, D. Kennedy. J. Kent, S. Ko-
mamiya, II. Lu, R. Miller, K. OinV, L. Rivktn.C- Sirnopoutu*. H. VanKoolcn. and 
M. Wrods. 

The topical conference was highlighted by first results on Z production at 
the SLC. eleclroweaJi measurements and top quarX search results from Ct)F and 
CERN. and results on CP violation from Fermilaband CERN experiments. 

We thank Eileen Drennan for otgani2ing and running the meeting, and with 
great persistence, editing these Proceedings. She and her jiaff contributed much 
lo the success of the meeting both through their hard work and their good humor. 
Their efforts, coupled with the excellent lectures and stimulating discussions, made 
for an interesting and most enjoyable meeting. 

Gary Feldman 
Frederick J. Gilman 
David W. a 5. Uith 
Program Directors 
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Heavy Quarks - Experimental 

Robert Holiebeck 
University of Pennsylvania 

1989 SLAC Summer School Ledums 

1 Introduction 
The purpose of these lectures, given at the 1389 SLAG' Summer School, was lo dis

cuss the experimental aspects or heavy quark production- Since a companion set 

of lectures on the theoretical point of view were to he given by Keith Ellin, 1 g»vf? 

sonic thought to what in par Lieu tar should be the "experimental viewpoint"*. One 

obvious answer is that an experimentalist should gather logetfier the measure

ments which have been made by various groups, compare, contrast and tabulate 

them, and if possible point out the ways in which these measurements confirm 

or contradict current theories. I have tried to do this, although the reader who 

expects to find here the latest of all experimental measurements should probably 

be forewarned that the field is moving extremely rapidly. In sonic rases. I have 

added and update materials where crucial new information became available after 

of during the summer nF 1989, but not in all cases. I have concentrated on trying 

to select those measurements whfehareat I he-moment most crucial in rcltiritigaur 

understanding of heavy quarks as opposed lo those which merely measure things 

which are perhaps too complicated to be enlightening at the moment. 

White theorists worry primarily about production mechanisms, cross sections, 

QCD corrections, and to some extent about signatures, the experimentalist must 

determine which measurements he is interested in making, and which signatures 

for heavy quark production are realistic and Hkdy to produce results which will 

shed some new light on the underlying production model without undo theoretical 

complications. Experimentalists also need lo evaluate the available experimental 

equipment, both machines and detectors to find the best way to investigate the 

properties of heavy quarks. In many cases, the things which we would like to 

measure are severely restricted by what ws can measure. Nevertheless, many 

properties of heavy quark production and decay can be measured, and the results 

have already taught us much about the weak interactions and QCD. 

©R- Hollebeefc 19S9 



2 B Physics 

The Standard Model of the Electro-Weak interactions contains at least 18 param

eters. These include 3 coupling constants, 6 quark masses, 3 lepton masses, 4 real 

Kobayaahi-Maskawa (KM) parameter*, 1 weak phase angle, and one lliggs mas*. 

One could probably add more, for example, 3 neutrino masses, more lepton gener

ations, the assumption that the K-M matrix it not Unitary, or more complex Higg* 

structures, but this is probably already enough parameters far one model. Of the 

18 parameters, 13 can be measured without information from the b quark or t 

quark systems, The coupling constants of the strong, electromagnetic and weak 

forces, A uf the quark masses, the lepton masses, and some of the K-M parameters 

are alruady known with varying degrees of precision. The missing 5 parameters 

(for which we need the heavy quark systems) are the two heavy quark masses, the 

two K M parameters which represent their couplings to the other quarks, and the 

Higgs masa. Of these, all but the last can be directly addressed by experiments 

using heavy quarks. The L system is accessible at current machines, but the t 

quark has nut yet been delected. If the t quark remains unseen, we can still mea

sure nil of the parameters except the t quart and Higgs masses, however, we will 

not be atkf to lest many ideas abouL higher order corrections in the electro weak 

model (where the t quark mass is important) nor will wc be able to measure the 

KM parameter corresponding to the t quark coupling except indirectly through 

the b system. Wc wil) begin this section on U physics by exploring just how far we 

can go using information from the b system alone, and turn later (o the t quarks. 

2 . 1 M e a s u r e m e n t s u s i n g b Q u a r k s 

There are three different types of measurements which one could think of doing 

in the 1> system. The first is to measure the properties of the b quark as it 

is found in the 11 meson. We could for example measure its lifetime and its 

decay iiwihu and compare them to standard model calculation For the decay 

modes, the simplest place to itart would be to measure the semilcptonic decay 

widths, because these are the must straight-forward of the theoretical calculations. 

Each decay mode measurement could bo compared to calculations, and values of 

the K-M parameters extracted. These types of experiments have been underway 

for several years, and will form the bulk of whaL we can say about the present 

experimental situation, 

A second type of measurement ia the analog of measurements which have been 

made for some time in the K°fi° system. In it, wc would try to measure the rale 

at which transitions arc made between neutral U mesons and their auti-particlis. 

These flavor oscillations would givr further information about the K-M angles 

and together with searches for rare decays of the 0 meaon might tell us about 

the presence of contributions from fourth generations. Thue experiments are the 

focus of much uf the current planning for experiments to be performed in the next 

few years. Finally, the B meson system may exhibit CI* violation. Kit does, it will 

be extremely useful as another example of this poorly understood phenomenon. 

Studies of the first type, that it decay modes of the B meson, have primarily 

been done at the CESR and DORIS machines. Lifetime studies have been done 

at the PEP and PETUA machines because, of course, to measure the B lifetime 

requires the production of B mesons which have been boosted in the lab frame 

which can only be done at the higher energies available at the latter machines. 

Oscillations of the B system are being studied at. all machines including many 

recent efforts at hadron machines where the number of produced B's can be very 

large and where the signature of same-sign dilcplons is relatively clean. 

Most of what has been learned about the decays uf H nicsons has conic from 

measurements of the (Jpsiluri 4S system studied at CESR and DORIS which pro

duces B° and B* meson* (in this and future cases, I will not bother to mention 

the charge conjugate stales). Other studies include those of the 13t and Iic winch, 

together with the fl° and i i f

T arc produced at hadron machines and higher energy 

e+e~ machines. The production ratios of these states are not always well known 

and depend on the masses of the mesons and the constituent quarks. 

Let us focus first on measurements of the K-M matrix parameters from these 

systems- 1/ Ibe K-M matrix para/nelr/jzaljofj of quark mixing using a 3 )»>• 3 ma

trix is an accurate description of nature, and if there arc in fact only 3 generations 

of quarks, then the 3 quark system is closed; i.e. we do not expert transition* 

from these states to as yet unobserved exotics and/or fourth generation objects. 



hi thiscfLif, lhcn> /ilmuh} he t\o probability leakage to such states, Mud (he 3 by % 

KM matrix shuiiM be unitary. The weak efgenstalea (d\a*,l>') i w mixtures of the 

pure states (d,H,b) with the mixing described by the KM matrix. If we consider 

transitions from A a Late n through all possible intermediate slates (d,s,b) and back 

lo a Oillcn.'iiL state u', the unitarily of the KM matrix guarantees that 

j j 

Note LhnL if this were not llic case, we would have flavor changing neutral currents 

(I-'CNC) in second order in the weak interactions, and alio that the above relation 

gives us a relationship between elements of the KM matrix, or cquivalcntly a 

way to test whether the matrix is unitary or whether thefu js room fur exotic 

contributions. If we start with the u quark for example, and make transitions to 

the d,s,b intermediate states and hack to the u quark, we have have the following 

experimental information. 

Krf = 0.9747 ±0-0011 
Vu = 0.221 ±0.002 

1'iiis implies that 

which we. could combine with the uniLarity relation 

to deduce a value for V&. Unfortunately the error* are large enough that V& could 

well he zero. Wc could try the same thing for '-he e quark, and eventually can do 

the same with the t quark when we find it. In the c quark case, we would find 

values of Vcj primarily from neutrino charm production, and values of Va from 

d'nminn production or the scmilcptonic decay of charmed maoru. 

Another interesting relationship between the KM matrix elements can be de

rived from the off-diagonal terms in the unitarity relation. For tbe terms where 

i ^ k, an equation is obtained for products of KM elements of the form a+£+c = 0. 

If the three terms arc thought of as sides of a triangle, this relationship becomes 

cpectptof 

Figure i: Feytiman diagram for a spectator type decay or a It meson. 

the basis Tor what is known as the "Unitarily TfiangV. The relation can be 

further simplified using V*j as 1 and VA « 1. 

2 . 2 T h e S p e c t a t o r M o d e l 

In order to relate the KM paratiKtelS to experimental measurements, wc need a 

model for the heavy quark decay. The simplest model for the decay of a heavy 

quark inside a heavy meson is to assume that the quark is quasi free and decays 

weakly. Thr other (lighter) quark is ool affected by the decay, flic Fcynriian 

diagrams for these decays would then look like figure 1. One simple consequence 

of this picture is that since different types of 11 mesons (B° f T? + l i f , ZT\ Be, 

Btt etc.) differ only in their spectator quark composition, all types would have 

the same aernileptonic decay partial widths. Complication* arise due to QCD 

cottectiooM which j'tttk the npvct&tar quark with the b quark, QCl> corrct '.-JM 

due to interaction* between the spectator quark and the final state quarks from 

the virtual W decay, and the annihilation and W exchange diagrams shown in 

figure 2. 

Annihilation diagrams are not possible for the neutral B'» because an annihi

lation graph there would require FCNC. For charged B's, both types of diagrams 

are possible. The annihilation graph is expected to be hclicity suppressed as in 

w decays, but this suppression may be overcome to some extent by the emission 

of soft gtuons. Overall, the total corrections to the simple spectator picture ate 

expected to be largest for the neutral BV, leading to longer charged D lifetimes 

and Jaxger charged B semjlepton/c branching jaikw The sctntkptonic and tola] 

widths within the spectator model are given by 



^ > A J V \ < ^ 

Figure 2: Annihilation ind W exchange diagr«mi /or B deny. 

It h clear from (lie formulae that the setuitcplonic branching ratio and the 

lifetime are very sensitive to the choice of the b quirk n u n . One can consider 

two quite different methods of estimating this mass, illustrated b a t by looking at 

the Upsilou rcsonwici* and the U meson*. Since the Upsiloil contains two b quarks 

in a bound slate, wc might estimate the b quark mass to be slightly more than 

half the Upsilon moss. B mesons on theoihcr hand contain a single heavy b quark 

hound to a lighter quark. The mass of the b quart would then be approximately 

equal to that of the lightest of the B mesons. The calculation of the lifetime of 

the b quack gives an. example of this mast dependence. (See Bargcr and Phillip* 

Collider Physics). The lifetime is given by 

te)1 

s.i]vd 
77m 

where the factor 5 S in the above expression comes from counting the available 
decay modes using 

c+^* + 3d + -<T + 3s) . 

The * is approximate and is due to the phase space suppicssion of the heavier 

tan ami strange quark modes. The two different choices mentioned above for the 

Table 1: Expected B meson decay rales in the spectator model fur two b quack 
mat* choices. 
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b quark mats yield 
ro» fa tnB — 5.27 

*n* = \my = 4-73 

^̂ -. = ^i.ilo•'(a!), • 
Fortunately, the b quark maac » known to about 10% so that the decay partial 

width* can be calculated with an uncertainly of about 50%, Note that including 

corrections io the spectator model may require changes to the effective b quark 

mass required in a cakul*l»u. (Sec Tabic 1.) 

2.3 B Me to a Detection ( non-semileptonlc ) 

The •enulrbtrok and badronk dec*); of to t B system offer two quite A'tftvtciti 

waya to ttudy Cbe spectator luodel and its exie^iooi. The semihrptonic Jccays 

are in principle cleaner, ainccTof example there b nQposs&ib'iy of spectator to Una! 

state quark iateractkxu, but tbey hare (he disadvantage of occurri:**, at a lower 



Firnic 3: ARGUS B meson rccooitrirclkrc ssing D* decays. 

rale. We will start then by looking at the sadronic decay mode*. Tbe purpose 

will be to investigate possible nonipcctalor effect* by lookiag for differences in 

the If and B* lifetimes, to measure tbe KM parameter V r f by locking for decays 

which do not contain charm, and to study mixing and CP violation. 

The reconstruction of D decays can be facilitated by looking for mode* which 

contain a D' decay. Example* would be 

D'*w-tm 

D'+*-*-** 

B- - . D'+rr 

«ith D'f detected as 

D - Ifr* 

If - K - * + 
Kjx«-ir-

f'igure 3 shows the result of such an analysis from tbe ARGUS eoUaboraliog. In 

this technique, one is taking advantage of a well-known trick for finding V meson 

decays using the soft p»n i fa>m the D' deray.jl] Similar reaulfx From the CLEO 

collaboration are shown in figure 4.{2] In this data, several mode* without D~ 

9200 9220 ii*a 92(0 JMO 
Win com 

Figure 4: CLEO B meson reconstruction. 

decays are also used aa are the decays of B to 1rK and *K*. From Chene figures, 

it is clear that even though the number of produced B's is Urge, i n r number of 

fully reeowXlwcted events » small. Several decay modes must be rn-d together to 

gather a sufScieatly large sample of B decays. In the-e techniques, it n extremely 

important to haw a detector with good momentum resolution, for rxarnpV, the 

l o u h a shown for the CLEO detector were obtained with 

(7) =•*"»* + <«*>' 
wbidi is excelleat for a large tracking detector. 

To reduce combiaatorial backgrowads, v'a and K'9 are identified using dF/di 

and/or lime-of-light. For a 0 reconstruction, typically only "fn with energy greater 

tbaa *0 UeV are used. Tbe track momentum resolution is then further improved 

by using constrained kinematic fita to '.he masses of the P , and any nnitral K s or 

nT» aanl sometimes by taring constrained fit* to the known position of the beam. 

Fraaflr, the event» constrained tr> the beam energy whk)» is i:su*JJy wrll known 

in aa e*e 'machine. If i 1 addition, the B't are the result of decays from a narrow 

resonance inch aa (he T(45) . an improvement of roughly a factor of ten can be 



i aw •«•» U H asr* i j i * 

Figure 5: Mass distribution of B candidates from B ~* D'+ n*(n = 1-3) , hatched 
area, B -* J # K JI*(« = l,2),*hadcd area, and B -» 0 \ 0 + «*(n = l,2) (opeii 

goLten by constraining to tbe mass or that state yielding a mass resolution as good 

as a few MeV. 

A further technique which can be used to detect B*3 is to UK decay modes 

which contain the easily recognizable decays of the •//#* For example, the decay 

B -+ *A'HT can be found by detecting ear ft pairs from the decay of the #. These 

modes arc of interest for another reason. Lattr, we will discuss the important 

question of whether the KM parameter V ,̂ is zero. Decays involving 1^. do 

not produce charm, but in trying to measure decays of the B system where no 

charm has been produced, corrections will have to be applied for the * decays 

as wdl as any other decays of tbe D where there is no apparent charm content. 

Figure 5 shows the relative contributions of these decays compared similar ones 

with explicit charm in the form of D mesons. [3) 

l( (he source of the B's is the AS resonance, there is some uncertainty in (he 

relative rate «f 4S decays to charged and neutral U's. Various models ykld pro-

due* ion ratios bet ween 50:50 and 6QAQ depending primarily on the mass difference 

between the- charged and neutral B mesons. Earlier measurements of this mass 

difference yielded about 2 i 1 McV which gives a charged to neutral production 

ratio of 5S:15. Assuming this ratio, table 2 shows the measured bj-anchiog ratio* 

Table 2: Branching ratios for B decay* assuming 55:45 chatted to neutral pro
duct ion. 

DtriyModc | AIKWS CLEO 

If - £)•»,- 0.35 ±0.18 ±0.13 
2.0 ±1 »±!.'> 

+0.516 + 0.16 
U 3 7 - 0 . l 5 - 0 . l l 

for Various decays of ihc B mesons. More recent measurements of the mass differ

ence (tee this volume) are consistent witb zero and «ou)d give production ratios 

of 50:50. 

2.4 B Decay* to Charm — Measuring VV 

One way to measure the KM parameter V* is to ity to dclomifn-- tfie average 

number of charm, particles resulting from cadi produced 11 meson. We would 

need to measure „ g t a ., 
If -* If* -\ A 
B — D* + X 
B - If + X 
B - " J - f X 
B - A« + ,V 
B - + - V X 

with a suitable correction for the fact that the l**l mode contains two charmed 
quarks. To see hoi¥ this looks in our model, we begin with tbe spectator diagrams 
involving b to c transitions as shown in figure 6, 

w{*^ V C C |l t 

b • • r f ^ ^ ^ ^ d * " ¥ v 

u,d,$ ^ ^ ^ ^ — • » • u.d,s 

Figure 6: Spectator diagrams for b to c transitions witb 9 possible final states 
(the 3 is for color). 

Note that from the diagram it i? e u y to src that then.' is one charm quark 

produced per b quult decay plus an additional 3/9 coming from the cs decay 

modes. These heavier modes Are phase-space suppressed and the result is that 



Figure 7: Inclusive t)*» from B decay* at 11 ie -IS. 

time .ire nppioxiuiAlrly l.'i rlisrmrd quark* produced per U meson detay. tf 

in?(c,iiI ef llie l> to c'transition, we had started from the b to u transition, the 

wiily source of c quarks ' s l * l t ? 3/9 coming from cs decays of the virtual W which 

when phase-space suppressed yiefda Approximately .2 e's per 0 , If the ratio of 

b -*tt to b -* c is known, 
_ r { h - * u ) 

nr rnn predict Ihc number of charmed objects which will he produced per 11 decay. 

or inure interestingly, we can measure the number of charmed objects per B decay 

ami try In L.-arn something ahoul \\* from 

I2-T0.2O 
1 +o 

The charm quarks arc detected most easily by using modes such as D — Kx. 

Correct ions will need to be applied for the phjse-sp.ee suppression of the heavier 

modes ( which we hate thus f«r approximated by changing 3 /9 to 0.2), decays 

lo charmed bound slates, and unreconstructed decays of the D mesons t«nme 

or which can he corrected for by mine well known blanching ratios of Iht D's). 

Figure 7 shows the type of spectra obtained for inclusive D's using the 4S 

sourer of B's, The branching ralio5 determined from these measurements 

shown in table 3. We will relurn lo the determination of a after discussing the 1) 

meson momentum spectrum and the corrections for • production. 

An additional benefit of measuring the inclusive decays of D mesons from B 

aa a 

arc 

Table 3: Inclusive D'a from 1) d'Xays. 

Decay Mode 
ARGUS CLEO 

B-ilf'X 
W - . K-T* 

B-*D*X 
D* ->K-**** 

8-[>*X 

0.0196 ±0.0015 ±0.0025 

o,ffifi4o.ori±o.oss 

0.0189 ± 0.0027 ± 0.0032 

0,208 ±0.0i Si 0.031 

0.021 ±0.0015 ±0.0021 

0.5 ± o.or.i ± n.007 

0.011) ± D.TOI ± 0.0S2 

0.209 ± o.o-tn ± ooji 

decays is that the momentum spectrum ol the D mesons contains information 

about the details of the quark fragmentation process. The source or D mesons 

is dominated by the transition 6 - t c f with the e quark romhining with the 

spectator to form the D meson system. Since the relatively heavy r quark get* 

tnoal of the momentum of the parrot b, this lead* to a fairly hard spectrum of 

D'a, but the D meson momentum sperUum will be softened by tire emission of 

gluons from the tpectator quaxk during the formation of the D. Figure 8 shows 

the rnomentiim spectrum of D mesons measured by the CLEO collaboration.!-!] 

The general conclusion a that (he data lie midway between the morieh with hard 

fragmentation, and those with very soft fragmentation. 

We can also use the decays of the B to a D, lo probe fragmentation. In this 

case, the strange quark can be either one that comes frcm the virtual \V, Of it 

can be from a pair of Strang? qu&ikj produced in the fragmentation. Again, the 

momentum dklributkm of the produced D/t raft 6al'tn$jhh between these two 

effect*. One might expect that the produclion of the heavier strangr quark pairs 

would be suppressed in the fragmentation, and this seems to be born out by the 

data (figure 9). 

http://phjse-sp.ee
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Figure S: Momentum spectrum of D's from 0 decays measured by the CLEO 
collaboration. 

figure 9: P, momentum spectrum from D decays.The models are for JS pair 
production,ilirw body production and two body production of i ) / * . 

Figure JO: Diagram for cC production in B decay. 

2.5 J / * Production from B Decays 

Since J/tf's can be easily identified., they alio make useful probes of the fragmen

tation of B mesons. Their riKjmeDtum spectrun1 can be used in the same way 

as the D, and the D„ and since fragmentation production of heavy cZ pain is 

highly suppressed, tbey should arise primarily from diagrams involving the b to 

c transition. The decay* of the B mesons to • ' • have tmn mentioned before a* 

important [or the measurement of the b to u transition since when counting the 

number of charm quarks per B decay, badronic dcc*y modes of the * would for 

example«em to contribute to the charmless decay modes. This can be corrected 

for by measuring * decays to leptons and Ihm makiug a correction using the 

known branching ratios for • to hadranic final states (all of which have no Appar

ent charm). The 4>*s are also important for the study of CP violation since svmc 

CP eigcrtstate decay modes involve +*s. 

la tba spectator model, the on)y diagram which would yield a c£ pair is th»-

one shown in figure 10. The cs mode of the W is 3/9 of the total but is agaiii 

phase-space suppressed to about 20% * The probability that a cZ pair will produce 

a # bound state is 

<a|J/*>«o.6 . 

The # state is a color singlet so there is an additional color suppression factor of 

1/9 since the c and c" quarka have uncorrelated colors. As shown in figures 11 -12, 

this channel yields m very good experimental signature.[5,6,7,8] 

ft is possible that trie radiation of soft but colored gluons coutd cancel tli-c 

color iijpprt^iion mechanism, but the expected rate with color suppression is 
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Figure 12: CI-F.O: c+f-jtid >i*/T mass spectra ID T(4S) decays. 

about ] .3» which is in good i p t m t n l with the cuncrimcnlal numbers: 

CLHO AltGU S 
flfi(B-.*A) 1.00 ±0.16 ±0.21% 1.07 ±0.16 ±0.2?% 

The same mechanism which produces II-,* can also produce stairs [ike « ' and 
Xe or jfc. The * ' i d l e can be delected experimentally by looking for * ' - . i h * 
and is found to be about 0.3 %, The other slat™ .re estimated to contribute a 
branching ratio of 0.8%. 

Using this information, w can lotum to the estimate of the number of c's 
produced per B meson. Note that the observed charm prndnction rates saturate 
the b a c h i n g ratio leaving only small room for a contribution from b to u tran
sitions (see table 4). U we use the quantity a defined prc«ioi«ly, wc conclude 
that a is Ira than 0.2 which is actually not very restrictive for V,u compared to 
measurements done using, the sernih-plonic decays of B's to be describe! in the 
next section. 

Table 4: Branching ratios used to find the number of c quarks produced per b 
decay. 

B — D * J f 
F - . D . 
B -* ckarrned baryon 4- X 
2 . B - . * , • ' . y , or n c + X 
JWn 

CLEO 
Branching Katio% 
50.0 ±6.1 ±6 .7 
20.9 ± 4 . 9 ±3 .1 
1 0 ± 5 ± 4 
8 . 2 ± l - 4 ± 2 . 0 
4.2 ± 1 . 0 

I 0 2 ± 1 0 ± 9 

"MtCUS 
jranchinKllatio?! 
46.6 ±7 .1 ±6 .3 
23.2 ± 5 , 3 ±3 .5 
1 6 ± 4 ± 3 
J . 6 ± l . 4 ± 1 . 8 
12 ±1.0 

S8±10±g 

2.6 Semileptonic B Decays 

We will now concentrate on the semileptontc decay modes of the B mesons, i-e. 

those modes where the virtual W in the spectator model decays only to e's,p's,or 

r's. The relations between the branching ratio, the lifetime, and the scmileptonie 



ik'Cay wklt'.i in llitr spectator model ale 

Bit = fe = r„ T 

r.̂ ffj^f-IK.I' + W ) -
Tilt spectator model predicts the same rate V for c,p,or r modes except for phasc-

spocc effects. To verify this prediction, we would lite lo measure the brancliiug 

ratio and lifetime for each of the iiilTcrcnt types of B mesons separately since non-

spectator effects can affect charged and neutral IVa difFerently. Non-spectator 

effects arc expected for example to reduce the neutral II lifetime. The major 

problem at the moment however is that these quantities have only been measured 

for a mixture "f U*a. 

Suniilcptoiiic decays are also useful for Kiting limits on the b to u transition 

by Using the momentum spectrum of the charged Jnpions. The basic idea is that 

the maximum momentum of a Icpton from a. 6 -4 n decay should be higher than 

tftat ironi b —* c decay because of the kinematics (i.e. due La the c-u quark mass 

tiiSer^nce). We can thus look for a small number t>f high momentum leptcn* 43 

a signature of the A - . u decays- The kinematic limit far the electron momentum 

in the wMiiikptojuc drcay of a 13 at rest to a charmed quark is approximately 

2-4 GeV. The experimental lepton spectra are shown in figure 13. [9,10,11] 

Corrections need to be applied for Icpton source* other than B*s which can be 

obtained by taking data off the 4S resonance. The presence of these continuum 

electrons is the primary limit to the sensitivity of this type of search. Leptotif 

from T'S and *'s must also be subtracted, further, B mesons from 4S decays 

are not quite at rest, 30 the Icpton apectra arc corrected assuming the B's are 

produced with a sin 3 angular distribution. Finally, the standard mr ?c5 V-A matrix 

clement is used to predict the Icptou spectra. Fits are used to derive limits for 

the 6 -» u transition, and the data are consistent with being dominated by the b 

to c transition: .._,, . . 
9 0 % a Limits fee « $ = £ } 

Ci.EO < 0.08 
AliGUS < O.li 
Cli <0 .13 . 

1 

- , t u c n M • 
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Figure 13: Lepton spectra from scmilcploiiic B decays. 



Tlio tit'st limit of fi% gives t!ic KM constraint 

2 . 7 B ' s f r o m P E P a n d P E T R A 

At highnr riHTRy machines such as PEP and PET KA» the t> qnnrk production is 

a smaller fraction of the Intai crass section than it is at the AS rcMita-ncc. Also 

there is no on/ofi resonance Icrluiiquc lo be used to compare and contrast the 

hrhavior of the b quark* from that o/ the rest of the quarks. Cuts which »m often 

incllicicnl need, (n be used to enhance the fraction of b jets. The chief advantage 

of these machine* however is thai llic B mesons have much higher momenta which 

makes measurements of the II lifetime possible. Tlipscniilcptonic branching ratios 

iiiraswed at these machines (sire lahle 5) are in good agreement with thmc from 

I In- IS re.-ioiiaiire. 

Table 5: Rrmilrptonic II branching ratios measured at PEP and PETRA, 
* * ( • - . r-uiiK] J M . * - . JVXILfll 1 

TASSO l l .T i3 .»±1J i.3 4 1 ^ 1 p 
TAS30 l l l±J< l±4- t M 4 U 4 4-d * MA1IXJ l. ite.7+1.1 lZ.4 + U±2.w m 
CELLO • •±34£9-> 1 3 3 ± M ± 3 J F 
CELLO H l ± t t j ] | * JADE 11.7 4 M i l - * T J ± 1 J ± * J f 

MAC 134xl.*|**.S*u) » * 1 . * MAC l U l l J i U • ± 1 * MARK IT 12.6: J.I ±1.0 »4 ± 1 3 4 1 0 j> 

MA* M l 11.912*4 30 « . t i l - 4 i l l t 

0£tCO u.t:\i « • « • « i 

T » C IS.Ji 1*4 1.2 I t ±1.111.1 * T P C n . O i U i i . f t • J I l l i l J t 

2 . 8 D L i f e t i m e M e a s u r e m e n t s 

Lifetimes arc currently measured for the average mi* of charged and neutral B s 

produced it, c V interactions. Eventually are would like to measure the lifetimes 

of individual types , f B*s to determine whether oon-spetUtor diagrams have an 

efTerl. The primary cuts used in the analysis are to find high thrust events which 

contain leptons with both high momentum along the thrust axis and high trans-

Figure 14: Impact parameter distribulion for 13 liHimc measurements from 
Markll. 

verse momentum relative- to the thrust axis. The first cut enhancr-s Hie 1> quark 

fraction because of the harder decay spectrum for b leptonic decays, and Hie sec

ond selects b's because I lie transverse momentum relative lo the thrust axis has 

a minimum which is m , / 2 and therefore higher for b'j. The quantity which is 

measured is the impact parameter of the h-pton relative lo the brain location. A 

typical set of data is shown in figure 14. While the distribution is only shifted 

slightly rrom zero, the mean of the distribution can be determined quite accu

rately. Similar results are obtained by the Mark il, BBLCO, JADE, MRS, and 

TASSO groups. The- combined result for the? B average lifetime is 

' » = 1.18±0.14 t o - " . t e c . 

Since this lifetime can be calculated in the spectator model, the KM parameters 

become constrained by this measurement to satisfy the relation 

fe = O.SG!V,,|' + 0.4S|K»|' « 0.0011 ± 0.0003 . 

Using the previous bound 

0 < ~ < 0.21 

from the lepton spectrum measurements, we get K* » 0.047. Note thai while the 

s to u transition is about 0,Z in the standard model, the b to c transition is a 



far I or uF -1 Kiniillcr. This is one of the reasons why despite the heavier mass and 

large nhaac-spiicc fur heavy l> decays, the lifetime is still relatively long. 

2 , 9 C h a r m l e s s B D e c a y s 

As lias b<wn nitmlioned several times before, it is important to measure the KM 

parameter Vult. The attempt to detect these t taxi si t ions has already been men

tioned in tin: content of measuring the total amount of produced charm per I) 

decay with corrections for c2 states, and the detection or leptons put the kine

matic uidpuiut far b to c transitions. Another way of testing for cfiarmleds I) 

decays in tu find an exclusive final state which can only be produced by b to u 

transitions hi the context of the spectator model, if the b quark converts to a u 

qujjk with charged current interactions (no FCNO), then the 13 meson will decay 

in the simplest cast* to a two body mode containing a x or p or some other similar 

resonance. Tabic 6 shows the upper limits obtained by tbe CLEO and ARGUS 

groups (or ll/csc simple modes. By far tbe most sensitive channel ia B —t plv 

(note the lai&i' coefficient in the table 6 prediction column) wheie the upper limit 

Table 6: CLEO and AHGUS charmless B decay limits-

DccayMode CLEO ARGUS Prediction 

fi° - . *+*" 0.03 001 <»*(&)' 
B° - . »+*" 0.61 ««(fc)' 
B' — »°»- 0.23 <"»(&)' 
B~ - A ~ 0.02 0.07 *«&)* 
B° - ir•••<., (1270)' 
C ° - . T + a s ( 1 3 2 0 ) " 

0.05 
0.12 
0.16 

«•(&)' 

fl--.p<,o1(1270)-
D- - . A i ( 1 3 2 0 ) _ 

i P - p p 

0.32 
0.23 
0.02 0.013 

""(SO' 

D- - pH-v 0.25 0.22 "(fe)' 

0.4 HV/e* 

• » t -Ml * • I U 

Figure 15: Recoil mass spectrum in B -* pi X with the expected contribution 
from B -+ pip for the limit, set for V* of 0.012 . 

of 0.22 corresponds to a limit on VU of 0.012. This channel can be searched Tor 

by looking for a zero mass object lecoiliDg against the p I system in a B decay. 

The recoil mass spectrum for the data |12] is shown in figure IS, the small bump 

at zero being the amount consistent with the upper limit or 0.012. 

Similar limits to those obtained with the lepton spectrum end point can be 

derived by looking at B -* DHv 

\M • 

2 . 1 0 pp M o d e s 

One of the moat interesting, and also perhaps the most controversial measurements 

has been the ARGUS observation of D - . ppr~ and B -* pp"»~*+ because it 

provides direct evidence that K i is non-zero. This is extremely important because 

if Ks = 0 in tbe KM model, there is no CP violation in tbe B system. Further, 

since CP violation is proportional to Va, if this parameter is large, perhaps CP 

violation in the B system will be easier to see. The data from ARGUS |I3J fur 

these two modes have not been confirmed by the CLEO group. In particular, tbe 

combined modes from ARGUS give a branching ratio of (7.8 ± 1.7)10"* while the 

upper limit from the CLEO data is 3.6 10*'. If taken at face value, the original 

MS* 

IBS 

au 



Kignn* 10: Const rainti on Vui and V^. The elliptical constraints come from the 
H lifetime, the upper limit oil the ratio from Icpton end point measurements, and 
llit? lower limit from the AlKHJS pjf result, 

AllfJUS data provide n. lower limit on the KM parameter [14,15] 

Putting all of the constraint* which we have discussed together, one obtains fig

ure 16 where as mentioned, the lower limit for Vnt a»..-.its confirmation. The 

elliptical constraint in figure 16 comes from the B lifetime, the upper limit on the 

ratio of Kb to Vft come? from lire lepton endpoint measurement, and the lower 

limit on the ratio romes from the ARGUS pp measurement. 

2.11 BU Oscillations 

In the neutral K system, it is known that there are transitions between K and 7T 

states. These could in principle also exist in the D.B^r T systems, but are believed 

to he large only in the B system. The rapid decrease in the lifetime of the B meson 

as a funrlion of the b quark mass is partially offset by the smaliness of the V^ 

KM matrix clement which gives the neutral B system a long enoui.li lifetime thai 

this kind or mixing can pccur.[16 ,17] As in the K system, the Peynman diagrams 

responsible for these transitions are the box diagrams shown id figure 17. 

The calculation of the matrix eleme.it for .'he Bj transition assuming the bos 

W 
flAAft 

/wv-

Figure 17r Box diagrams for BB mixing, 

diagram with * t quark exchange woufd contain the KM parameters 

V»'V„-' 

whereas for B, transitions, it would be 

V^'K.' 

which we would expect to be larger since Vu i* probably larger t h * n Vtj. Thus we 

would expect Ibe largest mixing In the B, system. 

The Hamiltonian for the BB system i» 

(B°\ f M-f Ma - SIM / / joS 

where the off-diagonal terms in the mixing matrix are 

M„ = <B 0 |H|B°) . 

There axe two CP eigenslates 

|Bu) = ^(lBo)±|B»)) 

r,,, = r±¥ . 
The mixing is usually described by ft mixing parameter r where r=0 denotes no 

mixing. The equations are exactly the same as those encountered in (he K meson 

3-
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system except th&t to a good approximation in the II system, AT » 0, so that 

I', = \\ can be used to simplify many of the equations involved. The probability 

that if >ou start will* a U, yon find a B at a later I MIL- / fur example is given by 

which shows that the B's will oscillate in time in a way which may be useful in 

investigations of CI* violation. 

There arc several different ways in which CP violation can arise in the B 

system. The interested reader should start with the I9S7 Berkeley SSC study, 

Experiments, Detectors, and Experimental Areas for the Supercollider^ 

pp70G-7l7 (or a nice summary. 

3 Hadronic Production of B*s 

So far we have concentrated almost entirely on result* obtained from B's produced 

at e+e~mac/imesj. Out li'a are also produced at hadrou .machines, and experiments. 

axe underway to study B production using fixed targets at the Tevatron, and 

using collider experiments at SpfiS and the Tevatron. Since b'a are produced by 

the strung interactions at hadron machines, the production cross sections can be 

very large provided they are not limited by threshold effects (which are however 

important for the present fixed target experiments). As usual at hadron machined, 

one needs to know a bit more about QCD to actually calculate the production 

cross section, but much progress has been made in this area tn the past year 

including higher order corrections to the cross section. 

Details of the QCI> calculations and corrections can be found in the series of 

lectures at this school by Keith Ellis«ll8) Considerable effort is underway at the 

moment to experimentally verify the calculations of both the total b production 

cross section and the momentum spectrum of the U's. So far, little has been 

done in the way of detecting cAcJusivc decays of B's, although this situation may 

change in the next series of collider runs as detectors begin to implement silicon 

Vertex detectors. The major technique used currently is to detect electrons or 

muons from seinileptonic B decays. Bath the lol&J cross section and the transverse 

momentum spectrum of produced b quarks can in principle be deduced from the 

observed leplon sperlj-a-

r w an experimentalist, the issue «/ liight-r order QCJ) rorrvrtions is inrpuriant 

for two reasons. First the corrections affect the total l> production cross section. 

Due to large uncertainties in the gluon structure function at small x, together with 

large contributions tu the total cross section from gluon-gluon diagrams, the total 

cross section h quite uncertain- Measurements will eventually sutlh- this issue and 

perhaps allow a comparison with QCD. The second effect of the corrections is to 

change the shape of the p, spectrum of the b quarks. This is actually important 

because whatever Monte Carlo is used by the experimentalist to estimate efficien

cies and backgrounds, the result ca« bq very sensitive to the assumed p, shape. 

Before doing any detailed QCD calculations, one can estimate the importance of 

this effect by using a Monte Caitpwhich docs lowest order QCD and then tries tu 

add selected diagrams and processes believed to be important at high p, . Fig

ure 18 shows the p t spectrum of produced L> quarks in such a calculation. Nutc 

that the cross section magnitude changes modi at high p{ aj higher order cflVcls are 

added, but that the shape (i.e. slope) changes mm! at low yl . This result is also 

found in more detailed calculations and is important because the high p, region 

is the interesting region if one is worried about b backgrounds to heavier quark 

signatures or other exotica. If the shape is unchanged by higher order corrections, 

then the major uncertainly in efficiency and background calculation* becomes just 

the magnitude of b production cross section at high p, . The distributions cm 

then be normalized to the delected c m s section at h'gh p, . ' 

As usual in QCD issues, the interpretation of er.jtfimental results depends tu 

some extent on the way in which the produced quark fragments to form hadrons. 

In the case of teplons from B mesons, higher order corrections and variations 

in the fragmentation models can lead to different amounts and distributions of 

particles accompanying the leptou. Ibis is a problem for electrons, because it u 

typical (o use (he amount of energy in a cone around the election as a signature 

of the effective mass of the parent quark. Heavier quarks can produce leptons 

with larger transverse momentum relative to the decay axis; the maximum being 

m f / 2 . Thus these "isolation" cuts can be used tu discriminate against leptons from 
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Figure 18: Isajct calculations of the b quark p, spectrum, UAl collaboration. 

lighter quark backgrounds. A Monte Carlo calculation must b< used to correct for 

inefficiencies due to the isolation cut which leads to some sensitivity to the choice 

of a fragmentation model. The assumptions in the Monte Carlo can he checked 

by using muoti data which do not require such isolation cuts provided the muon 

system is thick enough. 

Monte Carlo's also need to make assumptions about how the b quarks fragment 

into B mesons and other badrons. The quark fragmentation functions in Inajet 

for example are awurocd to follow the Peterson form \19] 

where c ii reUted Co the quark masses by 

k 
m j -

The Peterson formula tUuslrates the important point that far a heavy quark b 

which decays into a heavy meson 0 with other light hadrons, the B meson (just 

due to momentum conservation) will carry most of the momentum. Thrs effect 

becomes mon> pronounced as the quark gets heavier. One consequence is that the 

inclusive x spectrum of B mesons from b decay (where x is the fraction of the 

b momentum carried by the D) will be strongly peaked towards 1 and that this 

peaking will be even stronger for t decays. 

The Peterson et al. argument is quite simple. Consider the transition b —* 

B + h where the B meson takes » fraction x of the b quark ".omentum. The 

quantum mechanical amplitude for this transition will be proportional to ^g 

where 

A E = E B + Ei , -Et , . 

If we use nib ^ mp and 

E}B = m | + i V 
£J = m; + ( l - r ) V 
El = mJ + P 7 

we obtain 

AE oc 1 - - - -L-
i 1 - i 



with 

which is the Peterson form. Since the harder meson spectrum will also result in 

a harder leptoti spectrum, we expect that the spectrum of Icplona from B decay 

and other heavy quarks will be harder than that of light quarks duetto this cflec. 

The c value determined from the spectrum of D'*s yields the solid curve shown in 

figure 19.[20) These data confirmed the stiffening of the x spectra in the c quarlc 

aysturn. 

s *• ' (5 
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Figure 19: D' spectrum used to extract an t parameter. 
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Figure 20: Comparison of c and b fragmentation illustrating the hardening of the 
spectrum Tor heavier quarks. 

Figure 20 shows a comparison of data from c and b quarks witli fits for t of 0.18 

and 0.018 respectively ([21,22]) which agrees with the expected 1/rnJ dependence. 

3 . 1 C l i e c i t i n g t h e pt S p e c t r u m 

It is important to be able to measure the shape of the pt spectrum for b produc

tion both to check higher order QCD calculations and to verify the assumptions 

embedded in experimental Monle Carlos. In order to do this, different samples of 

leptons and various techniques have been used Lc detect low, medium .and high 

Pi b production.^] 

Figure 21 shows the results of these measurements from the UAt collaboration 

using four different techniques. The lowest pf point comes from measuring the |i 

pair decay modeof j / i 1 ^. The total inclusive cross section for *'s withp, > 5 G e V 

and rapidity less than 2 is found to be 

<rB(pp~ — J/tf + X) = 7.5 ± u\7(atat) i l,2(3jst) nb 

where most of the cross section is due to charm or %c state production. In order to 

determine what fraction of this i» due to b*s, the momentum of the * is measured 

relative to the adjacent jet activity. The transverse coinponcnL of this momentum 

is limited to m,/2 and thus will extend to larger values for b's than it docs fur 

lighter quarks just as ID the case of the lepton spectra discussed earlier. This allows 
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Figure 21: UAl measurements of the pi spectrum of b production together with 
O {a*} and Isajct predictions. 

the contribution from the b quarks to be separated from the lighter contributions. 

The result is 

<rB[pp — b - J / 0 + X ) = 1 . 8 ± O . 6 ± O . 9 n b . 

This provides a measurement or the B spectrum which due to the pt cut OH the 

* \ i and the steeply falling pi distribution is at a p, of just slightly more than the 

5 Of V pi cut. 

The second measurement also comes from measuring dhnuons but at higher 

moss. The sources of dimuons are Drc|I-Y*n production, Upsilon production, and 

decay in flight backgrounds. By looking at the dimuon "pi relative" distribution 

(i.e. the pt of the dimuon relative to the nearby jet activity), it is determined 

that the b tp c parent ratio is 92:8 for this sample. Dimuons below the + can 

also be used far this, purpose, and provided one cut* on the dimuoo p. (relative 

to the beam this time), the sample is dominated by b —* c/i,c —• J / I . Finally at 

somewhat higher pt 's (15 and above), the inclusive muoa pt distribution can be 

used to determine the b spectrum. The pt-rel distribution indicates that about 

7G% of this sample comes from b parents. At the highest pt \ (above 25 GeV), 

the lepton spectra become dominated by leptons from W's ami this trelinitiw? can 

no longer W turd. Corrections are applied to the data fur carb p, bin for the 

fraction of b parent*. These fractions are 

1 Pi range b fraction (%) 
1 10--15 76 

15- - 2 0 76 
| 2 0 -- 2 5 43 

Looking again at figure 21. there ale several lessors to be learned. First, 

the shape ol the calculated higher order cross section {labeled P.Nason el al.) 

is very similar to the lowest order and this reduces the systematic errors in Hie 

measurement- Second, the cascade type Monte Carlo(lsajct) seems to be a good 

approximation to the shape of the Pi spectrum. Finally, the largest uncertainty 

in the total b cross section comes from the uncertainties in the extrapolation to 

low p, values. The observable part of the b cross section is reasonably well known. 

The UAl group concludes that the cross section is 

^ (pp _ b or b" + X, |y| < 1.5) = 14.7 ± 4.7«b 
<r ( » » - . # + .*) = 10.2 ±3.3p» , 

Note there is a factor of two required for the * or S cross section so that the 

ohcrvti part or the cross section is about 72% (i.e,14.7/(2*!0.2)). 

4 B Factories 
There have been many recent studies of the capabilities of various types of ma

chine* designed specifically to produce large numbers of B rncsons.(24,25,26,27, 

2879) The types of designs range from very high current linear colliders to high 

luminosity e+e"storage rings optimized for the production of collisions in the t i p 

silon region. Studies have also been doneon the capabilities of existing B factories 

such as the Cornell storage rings, or the Tevatron collider and even the Tevalron 

fixed target program, all of which produce very large numbers of B's. Other plans 

include CESR upgrades,{30J a machine at PSI[2S] (designed buL turned down by 

the Swiss government), a linear collider design at Frascali,[311 and a machine with 

two different beam energies (asymmetric machines) at SLAC,[32,33]. 



The primary goal for all of these studies has been lite potential for observing 

CI* violation in the 13 system. It ia widely believed that the observation of this 

effect in a second system (Hit: firsL being of course the K system) might provide 

import an L clues to the origin cf this poorly understood phenomenon. The poten

tial far observing CP violation ia usually used to determine roughly the machine 

parameter:*, but opinions vary about exactly how many B's need to be produced 

or bow many need la be detected to achieve this goal. While optimists might 

claim lliAt 10T B's would be sufficient, pessimists would claim 10*. Unfortunately, 

the design constraints for all machines make achieving 10* rather difficult. There 

are of course always other good pieces of physics which can be investigated by 

machines wlifch produce large numbers of BV, for example, measurements of the 

KM matrix elements to high precision, investigations of BE mixings and particu

larly studies which test the b-*t coupling. At the present, few designs if any have 

a guaranteed ability to test CP. 

The largest B samples at present come from the CLEO detector. Ah integrated 

luminosity there of 350 pb" 1 represents 7 f 0* BF *e at the 4S. Average detection 

efficiencies arc about 0,001. In trying to study the BE system, one obvious problem 

for e+e~machines is that the B's at the 4$ ar< produced almost aL rest in the lab 

frame. The decay products from the B and the E are thus intermingled which 

causes combinatorial background problems for the reconstruction of the B or B , 

To study CP violation, it is necessary to tag a B or E , and then reconstruct the 

U or B which accompanies it. Thus in the detector design, a premium must be 

placed on particle identification in the low momentum region (up to 2.5 GeV, the 

maximum for B decay) to help in the reconstruction of the B final states. Most 

studies of new machines to produce large numbers of B's are thus accompanied 

by suggestions for sophisticated new detectors. 

The current CESK luminosity of about 2 IQ 3 2, with a cross section of about 

1 nb gives 2 10* BE per year assuming & running year cf 10T seconds. This is 

clearly nut quite what we would like, although iLc possibility exists of accumu

lating a significant sample by running fur several years and accomplishing modest 

improvements in luminosity and/or detector performance. 

The asymmetric machine designs are considerably more ambitious in their 

goals for produced B's requiring in excess of 10" per year. The reason for having a 

machine with two different beam energies to study the B system is quite simple- If 

the two energies are not the same, then the produced 11 mesons will not be aL rtat 

ia the Un frame, but will be travelling with same momentum dm.-elc.-d ahuig the 

beam axis. If the B and the B decay at different proper times, then their decay 

vertices will be separated along the beam »xis, and a goad vertex detector with 

resolution in this direction (not the u*ual dimension in which vertex detectors 

have good resolution) will be able to auist in separating the decay products of 

the two B mesons. For the traditional storage ring approach, B's produced at 

the -45 have * /* of 0-06" arid a ntcan decay path of on)y 2G ink ions. In ccnirasi, 

a machine which produced B's with 0? ss 1 would yield decay lengths of -jDO/i. 

If Una separation can be detected, then the rates of B and B decay to various 

channel* can be measured as a function of the tunc difference between the two 

decays. 

Decays of B's to CP eigenstates are particularly uKhjlr(34,35] If for example 

the stale f is a CP eigewtate, and Ibefe a mixing, tfceu Ibr amplitude for B-»f 

and U-* B -»f will interfere, the phase from the KM matrix being opposite far an 

initial B or B , The mixing of B's and 6 'a can be studied by using decay modes 

which identify the initial B or H such as the leplonic decays (after corrections 

— 6% for wrong sign leptoos from cascade decays b-»e-» c,p instead of b-+ e,/j) 

or charged K mesons. Like sign K's or leptons indicate mixing. 

Detection of CP violation can be done by using events which contain both a 

B decay to a CP dgenitate and also have a, second B which can be tagged- In 

the pretence of CP violations, rates for BB '• where tagged fl's have subsequent 

decays of another object to a CP eigeniUte will differ from oVciy* of BE's where 

decays to CP jgenstatca have subsequent decays to tagged B's. Note that this 

method actually tests T violation and bene* CP via the OPT theorem. Events 

with OP eigeiutates and subsequent B decays have the same phase and can be 

added to the sample and compared to tagged B 's with subsequent CP eigenstale 

formation- Schematically we compare 

BE - BX,X «• CP 
B E - * C P X , X ^ B 

http://dm.-elc.-d


with 
E l H - t C P X . X - i B 
I l E - * T l X , X - + C P , 

Suggested <?Frigensiatej include t)+0~ and * A j as wch* as events where the 1 ? in 

replaced liy t,"</><^ "nd/nr the K, is replaced by /if,. The • hf, has an excellent 

experimental signature when the * decays to ttfi or **, anil the K, decays to ax. 

Thr AKOUS«>!lal>oi.T.lion mcvwiiiesa rate of about 1 detected even!, per 100pl>~' 

in this tiiodc*(3fi,37| The measurement of the asymmetry dve {s> CP violation 

requires porl(A(n 100 audi events. The total number of BU V required can be 

estimated from 
N*"755(1? 

where t is the detection efficiency^ Bit the B-« VK, branching ratio, A the asym

metry mid s Hie desired statistical significance. As you can see, for a 10% aiyrrv 

jwtry, branching ratio of 3 10~ 4 and 105& efficiency, we required a few I0 T events 

for .1 3ff effect. 

4 . 1 D e t e c t o r R e q u i r e m e n t s 

Selector requirements for precision B experiments ate^e'colliders are quite strin

gent. High precision tracking is required over large solid angle for the reconstruc

tion of multihody final states. The tracking should also have dE/dx capabilities 

to aid in K meson recognition for kinematic fits. Independent particle ID for 

r u * K p (using fijT example timo-of-flight, t/liercnkov or RICH counters) t* also 

required. Because of the need to t l w reconstruct x0** for D and D* reconstruction,, 

the low energy cut off for photon detection is important. The reconstruction effi' 

cirncy for D**s fur example decreases rapidly with this parameter {sec figure 22). 

This requites that the electromagnetic caJorimetry be coutrucled inside the coi) 

to minimize soft photon inefficiencies. Vertex detection is required with good res

olution along the beam airs for CP violation techniques in asymmetric machines, 

and good resolution transverse to the beam to aid iu D and B tagging. Strip 

chamber vertex detectors would thus be inadequate. 

Soft chuged pion detection from D*-» Dr is important. In a 1.5T field, 90% 

efficiency for rrct>i,-,nictions requires detection of tracks down to 30 McV which 

u m v h a i i i t n f i f i i cuwsT 

Figure 22; D* reconstruction efficiency versus minimum detectable photon energy, 
calculated for tbe Aft£S detector at the proposed (rascali linear collider. 

corresponds to a track which curls up within 7 o n . Finally, the collection of large 

samples of order 10 s events correspond* to an average trigger rate (for a 10T sec 

year) of about 10Hz. If the signal is only 10% of tbe tola! rale at the trigger level, 

the trigger rate would be lOOllz. Thus, given \hr complexity of the detector, 11AQ 

systems with high speed and good buffers are required. 

4.2 B's at the Tevatron 

Large samples of B mooni are currently being produced at the Tevatron both in 

tbe eoUider and fixed target modes. Detection and separation of these-events from 

lighter quark backgrounds i« however a non-trivial problem to say the least. Tbe 

primary characteristics of tfce*e events which can be used to distinguish them from 

backgrounds are tbe increased probability of a IT*™* trigger, larger maxinnim 

ft of the lepton relative to the remaining soft hadronic particles - a characteristic 

difficult to IUC in a tfiggfi, and finally tbe presence of extrndrd vertices. The 

latter aspect of these events ts also difficult to use in a trigger since sufficiently 

rapid vertex reconstruction and read-out a usually not available. Instead, several 

groups have tried to implement triggers which find extended vertices by utilizing 

tbe growth in charged multiplicity and hence of target ionization which occurs 

after a B meson decays. 

Experiment E771 at Fermilab is typical of such *n experiment. Based on an 



E705/E77I SPECTROMETER 

Figure 23: ET71 Spectrometer 

existing spectrometer from E705 (sec figure 23), a. vertex strip detector is added 

which is used as both a target and a vertex detector. A beam energy of 900 GeV 

will be used with an interaction rate of 3 ] 0* and a muon plus vertex trigger. The 

total 130 cross section is uncertain, but estimated to be ~ lOnb yielding about 10* 

BE 's produced in a year (2 10* sec for extracted FN AL beams). This is similar 

to current production levels at CESR. This number of produced BE *S should 

yield about 1000 events front U-* # X which would give5-10 identified B-* * A . 

events. To study Cl \ the opposite sign B must be tagged, the efficiency for which 

is about 1 %. Tims to obtain a statistically significant simple, fay 100-1000 events 

requires an increase in rate of 10 3 to 10*. One order of magnitude can come from 

running longer, the rest needs to come mostly from increased interaction rates on 

target. 

The primary limitation for the target interaction rates in these "open ge

ometry" experiments comes from the rate capabilities of wire chambers and the 

induced radiation damage to the target/vertex detector. The former can be alle

viated by const;acting chambers with small wire spacing! and running at tow wire 

gain- Damage to the silicon planes of the vertex detector can perhaps be reduced 

by running the detector at lower temperatures and by using rad-hard electronic*. 

Radiation doses Lo the target silicon from beam particles alone would correspond 

to Jmrad per 10 6 interaction rate per year of running.[38) Radiation damage from 

secondaries will at least double this, thus running at higher interaction rates will 

require corresponding increases in the area of the beam at the target to keep 

radiation damage per square centimeter to reasonable levejs. 

An alternative to the open geometry is being pursued b/ the E-789 experiment 

("Son of 605") which uses a semi-closed geometry to achieve the potential of run 

ning at interaction rates approaching 10 , ( > by 1902. Closed geometry means thai 

most of the incoming particles arc absorbed by a thick beam dump which allow? 

the experiment to run at high ratea. While this should produce a recognizable sig

nal in B -* x**~, the closed geometry precludes tagging the other li and thus this 

Lcclmique while useful for the study of tt's, cannot be used for CP. Nevertheless, 

knowing the B - • *+*•' branching ratio will be an important input to the design 

of future CP experiments. Dihadrons from B decay are measured in a double aim 

spectrometer, white vertices of high ft particles which make it through the beam 

dump used to absorb soft particles can be measured with a silicon microvcitex 

detector with fut readout consistent with separating interactions with a resolving 

time of one RK bucket to reduce confusion from multiple interactions. 

Another experiment, E687, will run in the tagged photon beam and will con

centrate on muon final slates, with approxintately 1000 trirnuon events expected 

for a years run, Finally, E79J, th«su«eHorto££9J(ctiarinph(?lQprodiiction) ami 

E7G9(charm hadroproduction) will al'cmpt to run with a trigger which requires 

only 6 GrV Bt in a calorimeter! The experimental design calls for writing 5000 

events per second to tape, with offline analysis to be performed later to extract a 

signal! This experiment can only run at interaction rates of about 10 s but may 

be able to see 50 fully reconstructed B event* after final analysis of all of the data 

on tape from a year's run is completed. 

5 Bottom as Background to Top 

While bottom quark* as we have seen are interesting in their own right, they 

are also an important background to the search for the top quark. Because of 

their higher mass relative to the light u,d tc,s quarks, bottom quarks will be the 

dominant sources of isolated leptons at high pi which is exactly where we would 



(ike to look for evidence of the top quark. T* -s problem has led to extensive Monirr 

Orlo studies by UA] ttJA2 and CDF of the properties or thr ti-pt<>n* coming from 

li decays. As the lower limit for the lop quark increases toward the W mnss, this 

background becomes less significAiit however because the pt Rpeclrum or leplons 

from b's falls very rapidly, and for heavier top, one can in cream* thr !OWPT cut on 

Ihp jij of the required lepton until there is little b background. Never thelra*. it is 

important to know as much as possible about the b as a background to (Fir top 

search. 

The recent calculations of P.Nason, S.Dawson, and K.Ellis [39] have now pro

vided us with t*l corrections in QCD for the b total cross section as well ax the 

differential ctosa section M a function of p, . The most uncertain part* of ihr 

Pi spectrum are the lowest and highest regions. In the future we will also nerd the 

higher order cross sections as a function of both pt and* rapidity so that experi

mental acceptance corrections can be made for the unseen part of the cross section 

either outside of y m a , which is typically 1-2 or below plmim which is typically a few 

GeV. For most experimental top quark searches, the low p, region,, while dominat

ing the uncertainty in the total cross section, is unimportant because of relatively 

high minimum pt requirements for the loptona used in the analysis. As far u 

backgrounds lo the lepton spectrum at moderate pt an; concerned, at Te*atron 

energies, the dominant source of high p, electrons and mucus (other than those 

from W's and Z'a) is however bottom production. Overlaps, misidenti citations, 

conversions, decays in flight etc. do oot dominate. Charmed quarks contribute 

less in this region (especially to isolated electrons) because both the higher b 

mass and the harder b fragmentation relative to c fragmentation enhance the b 

spectrum above that of the e quark whirh has a similar production cross section. 

For the experimentalist, the b backgrounds for lepton signals for top or other 

exotics must be analyzed with the help of a Monte Carlogencrator containing the 

latest theoretical information, aud an event simulator which can take into account 

the finite acceptance of the apparatus, and the variations in efficiencies across the 

detector duo to the device and the trigger. To get around the problem of the 

poorly known total cross section for b's, the Monte Cation used to predict the 

relation between the produced b spectrum and the daughter lepton spectra. The 

^'rmrx^' 
Figure 21: Lowest order diagrams for b production in pft. 

b cross section at high pt i* th*-n normalized to the observed spectrum 

L<VJ* J arc 

TheMontc Carlo contains the assumptions about llm fragmentation of virtual 

b's to D and B" mesons, the (V-A) ocmilep Ionic decay spectra of the ft mesons, and 

the knton decay kinematics including finite mass effects. To this mutt be added 

a K>1 of structure functions and the higher order QCD matrix elements. For the 

latter, there are two quite different methods being used. The more traditional is 

used in laajet and consists of using the lowest order diagrams plus cascade shown 

development and a fragmentation model. The second method includes higher 

order diagrams combined with some of the fragmentation features o( the former. 

Care must be taken in the second approach not to double count llir part of the 

higher order corrections which may be included in the fragmentation model (final 

state gluoa emission for example.) In general, the diagrams shuwn in figure 24 

involving the production of b's directly from lowest order processes are quite easy 

to generate, but the diagrams in figure 25 which involve "flavor excitation" or 

"gfuon splitting" require seven} hundred hours of computing <m WStfflOQ das* 

computers to generate reasonable samples. The reason that gluon splitting is 

important is that the total interaction cross section is dominated by gg -* gg, 

and even though the probability of gluon branching to bb" is small, the gg -* gg 

total cross section is rrvasured in mbarns, and we are interested in backgrounds at 

the nb level. Further, as we will ace in the next section, top searches often require 

leptons plus additional jets, and the gluon splittfrrg coninbulton is enhanced by 

the jet requirement. 
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Figure 25: Gluou splitting and flavor excitation contribution! to b production in 
VP • 

6 t Quark Physics 
The lop quark lias been the object of intensive searches during the past year by 

many groups. This important ingredient in the standard model of particle physio 

however remains unseen- Searches for it or its discovery will eventually provide 

further important constraints on the parameters of the standard model and the 

elements of the KM matrix. The presence of a light top quark would produce 4D 

obvious threshold effect in the hadronic cross section at « +e~machinei, as was the 

esse for the c and b quarks. That such an effect was not observed, (see figure 26) 

has allowed a limit of JM, > 30.4 GeV to be set by the AMY and VENUS groups 

at Tristan.(41 j Simitar studies of the decays of (he Z to high sphericity events 

at the SLC require Af, > 40.7 GeV. Both of these possibilities had already been 

excluded by the early measuremuils of the UA1 collaboration at CERN which 

(through techniques similar to those described later) set a lower bound of 41 GeV. 

During the summer of 1989, UA1 and UA2 at CERN quoted miss limits for 

the top quark of (Af, >61,67 GeV 95%CL) respectively, [42] while CDF results 

extended thou! limits to exclude the range 

40 < Af, < 77 95KCL 
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Figure 2G: Expected behavior of the badronic ev?nt cross section with and without 
top. 

from a search which uses an electron plus jels final state, and 

28 < Af. < 72 Si%CL 

from an electron muon finalstale. For the purpose of this review, 1 will concentrate 

on the most recent results from CDF which place the most stringent limits to dale 

on the lop quark mail. 

Despite the fact that the top quark lias not been found, evidence or prejudice 

for its existence is quite strong. In the standard model, the b quark is produced 

in c+e'aRnihilation with a forward backward asymmetry which is given by 

A' (-i\ 9 C r " ' ' " 2 
A r » w - i o 7 ^ W ^ -

The measurement of this b quirk asymmetry [43,44] in e+e~annihiTalic>n shows 

that the b quark has the expected (u-yrrunetry for a member of a left-handed 

doublet md right-handed singlet structure indicating thai it should have a partner, 

namely the top quark. The measured value of the b quark asymmetry yields 

; - 1 . 0 8 4 0 . 2 9 



If the b quark were alone in a singlet structure, one wrmld expert zero fur this. 

parameter. 

d . l I n d i r e c t c o n s t r a i n t s o n t h e t o p m a s s 

A nnnihernf ir. , ;rrrl ronntrnintnon llir tojuuuiTk mass arc Available. For example, 

Llic obfirrvaLion nf flrf 73̂  mixing implies an upper hound on tlie top quark mass 

of approximately 180 (JeV.(-IS,4G,47| An additional indirect method involve* the 

use or the ratio (48j 
f ow DR(\V -* cf) 

crz II 11(7,-tee) 
w\wrr 

The ratio of cro&a flections for W and Z production can be predicted reliably 

from theory as can the IcpLonic decay partial widths or the W and Z leaving a 

dependence in ft on the t mans due to its influence on the total widths of the 

Z and \V. Many syn tenia tics cancel, such as the uncertainty due to higher order 

corrections in the absolute W nnd Z cross suctions. The value of It varies from the 

low mass region where the top contributes to both the W and Z decays, through 

an intermediate region where it contributes only to the W f and finally a high t 

mass region where the t becomes too heavy to contribute to either partial width. 

While previous measurements of this ratio were thought to favor low top quark 

masses, more recent data presented at the EPS Madrid conference give 

CDF 10.3 ±0 .8 ±0 .5 

and are consistent with heavy top masses. 

6 . 2 t Q u a r k P r o d u c t i o n 

At Tevatron energies [yfi = | .0 TeV), the production of t quarks is dominated 

by the production of tl states. This situation differs from that found at the 

lower energies available at CRRN where W -* tl also contributes significantly 

to t production. The difference (sec figure 27) is due to the faster rise of the t 
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Figure 27: Contributions to top production from il production and W decays at 
CEHN and Tevatron energies. The upper and tower tt curves use DFI.M structure 
functions with U = m/2 ? A = 250 MeV and ft = 2m. A = 90 McV respectively. 

production cross section with mrrgy relative, tp the W production cross section,[49j 

The expected behavior of thr t cross section as a function of the top quark mass 

for these two energies including higher order corrections by Nason, Dawson, and 

Ellis [39] is well reproduced by the Monte Carlo Isajet as was the case for the b 

quarka.This Monte Carlo will be used later for acceptance calculations. 

Since tl production dominates at the Tevatron, each event has two t quark 

decays. The standard model of t quark decays predicts that for a U system, 

roughly 44% of the decays will be to fully hadronie final states with as many as G 

final state jets when each of the t's decays in its hadronie mode. While these rales 

are attractive, the calorimeter performance, the ability to reconstruct jets, and 

the copious QCD background in this channel limit the experimenter's ability to 

utilize this mode. An Additional 15% or the il final states for each of the leploni 

e,/i,T, will have Jcptonjc decays or one of the t quarks and the hadronic decay 

of the other, leading to a kpton, as many as four jets and missing E, {&• ) due 

to the neutrino from the decay of a virtual or real W. The total for all of these 

single leptonic decays is then 45%. The remaining decay modes consist of 1% far 

cc,wi ( and TT pairs (each of which suffer from significant Drell-Yan backgrounds) 

and 2% for non-tdentical lepton pair final states. These lepton pair events will 

H | • » I t | I I I 1 | I 1 1 I | IJ 



contain aa many u two additional jets and missing Et , 

Tin- seurHies l>y the CDF collaboration were done Using the electron plus jets 

final statir and the electron plus niuon final state. The electron plus jets mode has 

the a<|va;ttc7£r of higher r&tv ihan the E^I channvl and can therefore jvrohe heavier 

masses. The rji channel has the largest, di-lcptou rate, does not suffer from Drell-

Yan backgrounds ami ran be used effectively at low masses where acceptances in 

till' rln'Lnui j«'t channel .ire uncertain. 

7 Lepton Detection 
Sinee the lirulronic decay of both t's in a i i final state is masked by QCD back

grounds, llu- remaining methods of tup quarV detection depend heavily on scmilcp-

IDUJC decays involving either elections or muons, so the following section is devoted 

to the tcdnmiues used for lepton (primarily electron) Hetcctior- in the hadran m*-

chiiK' environment. Tau derayaare particularly difficult for the detector to (rigger 

on, and are not used heavily at the present time. 

The subject of lepton detection has a rather long history dating back to at

tempts at the AGS, ISItand other machines to measure the ratio (c/*) of electron 

to pi tin Induction to sec if there were anomalous sources for lcptonu. The ratio 

is roughly lt}~* for low energy particles, so one looks for techniques which can 

separate charged piuns from the random overlap of a charged track with an ener

getic jr" or UIL- uarly charge exchange of a n± with rejections of 10*. The standard 

techniques used in early experiments were: 

] . (Ii /P) : comparisons of the electromagnetic energy deposition (E) and 
the track momentum P t 

2- C-hexnikov detectors and transition radiation detectors, set to trigger on 

elerlions but not r% 

3. IVe-Hlmwcr detectors, triggering an the early shower development of 

environ* relative to r ' s , 

4. Track to shower position matching. 

Uccause the interaction length A. of pions is much lunger than the radiation 

length of electron a A'Q, technique 1 discriminates against high momentum piuns 

which then leave only a portion of their energy in. the electromagnetic caloii'iH-'ler 

and give low values of E/P- ft also discriminates against random ovetfops with 

low mnmci.ium tracks whitb give large K/ l ' values [AS well as some Entail ones). 

Technique 1 was useful in the early IS It and AGS studies but is difficult to im

plement far the larger solid angle and momentum range of modern detectors like 

UA1,UA2, and CDF. The UA2 detector dues however use a transition radial ion 

detector as part of tbeir election signal. I're-shower detectors are also used in 

UA2. They make use of the fact that electron showers develop very rapidly, thus 

by requiring large energy deposited in the first few radiation lengths of an electro

magnetic calorimeter, electrons can he separated from pious. Similar techniques 

can be used if the electromagnetic detector is segmented in depth- hi the limit of 

many samples, the longitudinal shower profile could be compared to tbai expected 

for an electron. 

Technique 4 is extremely powerful against random overlaps. The object is to 

compose the position o / the candidate electron track aa it enters the calurhm-u-r 

to the position of the deposited] energy inside the calorimeter. TLis type of tech

nique comes in several different varieties. Earliest applications used the transverse 

segmentation of the shower detector (£,), to measure the shower position with res 

olulion Lf\f\2. Improving this resolution by decreasing L cay be mechanically 

difficult, or very expensive, so newer Icchaiqucs involve using a finely segv-nented 

prcshowcr detector, or as rn the case of CDF, imbedding a wire chamber within the 

calorimeter near shower n m . The wire chamber is useful because it can measure 

not only the tram verse position of the shower, but also its width and transverse 

shape, which provides additional efectron discrimination. 

For a detector which has a bad Km it calorimeter surrounding the clectruiuiig-

netic detector, it is also possible to detect interacting pions and overlaps by re

quiring that the energy deposited in the hadron calorimeter towers directly behind 

the electromagnetic shower be small. For electrons, the longitudinal shower shape 

haa a tail which could extend into the hadron calorimeter, b u t in Order to have 

goad resolution, the electromagnetic detector is made thick enough so that this 



tail is typx-ally ft few percent. In contrast, interacting pions, and even interacting 

pious winch overlap with energy in the c ferromagnetic section from n 0 f s ( will 

leave substantial amounts of energy in the hadronic calorimeter. Thus the ratio 

of hadronic to electromagnetic energy (had/cm) can be required to be small far 

nn rlerlron. 

7 . 1 I s o l a t i o n 

There is a good deal of argument over whether the next cut is a means of detecting 

electrons, or should be treated as a means of verifying that the electrons detected 

in the final sample fomc from a particular source. The cut is called isolation, and 

for the aula: of t f[uark searches, I will treat it as a cut. The heavier the quark, the 

more transverse momentum the decay Icpton will have relative to the remaining 

heavy meson decay products, The maximum transverse momentum of the Iepton 

relative to the meson momentum vector will be iW/ig/2. For bottom quarks, the 

maximum momentum is about 2.S GeV, so many of the leptons from b quarks 

will be accompanied by additional particle* from the scmileptonic b quark decay. 

These particles will have transverse momenta which are typically 0.3-1.0 GeV 

with respect to the meson momentum vector. For heavier top quarks, the scale of 

M«<f/2 is large enough that most leptons will be well separated from any other 

decay products. (Note that the degree of separation depends only on kinematics, 

and thus there is little systematic uncertainly associated with the use of isolation 

as a cut tot detecting l V ) 

Uccausc of this difference between the bottom and heavier quarks* it is possible 

to separate leptonn from the two sources by looking at their isolation distributions: 

i,e. determining the amount of energy which accompanies the lepton within * fixed 

cone of solid angle. It turns out that the amount ofencrgy in a random cone (which 

might be considered noise for this technique) is small relative to that expected 

for most bottom decays, so that the effect is not obscured by the "Minimum Bias 

event" which is the random debris in a hadron collision. The minimum bias event 

(or in the case of the SSC, the pile-up of several such events) does limit how small 

the rut which can be used for t quarks can be while maintaining good efBciency. 

koUtion can thus be viewed as a means of dfscrimmatfng against light fj\fc b) 

quark backgrounds for the top quark search, or as a means «r verifying that the 

detected signal comes from heavy quarks. When the limits on the tup tjuark mass 

were in the 30-40 GeV range, potential backgrounds from It inr^ii decays were 

siibstAntial, and it was important to use the shape of the isolation distribution as 

proof that Hie b background had been properly eliminated. As Hie limits on the 

t quark mass have increased, however, it became more and more safe to treat the 

isolated leplon u just another cut required for the detection of Irptous coming 

specifically from heavy objects. 

It is important to realize when looking at isolation distribution!:, thai many of 

the culj inherent in other parts or the analysis, or the properties of the delector 

may place implicit isolation requirements an the signal. For example, the E/P 

cut coo lain* an implicit isolation cut because the calorimeter energy £ in summed 

over a cell of finite size in the electronic readout. This cell wyict together with the 

magnitude of the upper limit oh the E/P cut is an implicit isolation requirement. 

The same comment applies to the had/cm cut and even to things like shower 

matching or transverse shower profiles, since nearby energy depositions ran cause 

& true electron to fail these cuts when accompanied by other particles. 

7.2 Muons 

All of the assumptions which go into (he use of the isolation properties as a cut 

can be checked to some extent by using muons instead of electrons. Most Vplona 

from B mesons for example will be buried in the midrife of the jet of other hadrouj 

from the D decay. Despite this fact, the muon can be detected if it is energetic 

enough to go through the hadron calorimeter and into * good muon system. If 
the muon system is thick enough to independently identify mtioris and there are 
no decay in flight backgrounds, there is little if any implicit isolation requirement. 

If on the oilier hand the rrnian system is thin (as it is in the CTif rase), it may 

be necessary to require isolation in the form of small em and/or hadronic energy 

to -x tract signals from inclusive rein on triggers. Li the latter case, this again 

represents an implicit isolation requirement. Thus if the experiment you would 

like to do requires the detection of leptons from B mesons, there is an advantage 

to using muons but only if the nwon system is thick enough i*> detect muons 



independent uf oilier cuts. 

7 . 3 N o v e l T e c h n i q u e s 

The impor tan t of clecLron detection is clear both for present experiments and for 

fulure IA\C cir BSC scalt experiments. Several new techniques and detector con-

figuniLii.iiK n*f- worth highlighting before v •; return to t quark detection The UA2 

c-xpL-ritncnl use* a. scintillating fiber delecu-r (SPD) in front of the electromagnetic 

calorimeter to measure the track position at the entry to the calorimeter to high 

accuracy. The comparison between track and shower position yields ^solutions of 

ff/rt = (M"I IH and Oz = l.liwm {see figure 2S). For SSC designs, transition radi

ation detectors have been discussed which would be ranstrucled from straw tubes 

wit). A'e CIU gas and 50 radiators for a total thickness of only 0.33% nf a radiation 

length. liven more novel is the suggestion to use the synchrotron radiation from 
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Figure '28: Comparison uf track and shower positions in UA2. 
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Figure 29: Synchrotron tail and energy deposited from a 2D0 GeV electron in less 
than one Xa of lead, 

electrons in a strong magnetic field t o identify electrons. Figure 29 shows |5U] 

the results of a simulation which indicates thai a finely segmented calorimeter of 

one radiation length thickness would be sufficient to delect the radiative tail from 

electrons in an SSC detector. The size of the tail is determined by the bending in 

the magnetic field, and its position relative t o the c lx l ron shower determines the 

charge of the electron. This type of detector is being used in the AMY detector 

at Tristan. Note that it can also be used as a thin ore-radiator and as a means of 

measuring the shower entry position. 

7.4 C D F Elec tron Detec t ion 

The CDF analysis .'ses the following quantities to identify electrons: E / P (the ra

tio of the shower energy t o thetrack candidate momentum), hud/cm (small leakage 

of energy from the electromagnetic to the hadronic sections of the calorimeter), 

Ax. Az (the shower to track matching parameters measured using strip chambers 

positioned at a depth of 6 radiation lengths within the electromagnetic catcrirne-

•*0i X^iXj ( 'he shower profiles near shower max), and I.SIIR (a chi square like 

parameter describing the shower sharing between adjacent calorimeter towers). 

The electron detection techniques can he tested by using the electrons from 
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Figure 30: CDF E/P distribution for electron candidates with E, > 15 GcV. The 
hatched area is removed by the standard cuts. 

W decay, identified conversions, and electrons from the inclusive electron trigger. 

The distributions of the E/P and had/em parameters are shown in figures 30-3! 

for electron candidates with Ef > 15 GcV. 

A further cut calted the border tower cut is the isolation cut and can be used 

to discriminate against electrons from parent b quarks. In this cut, the energy 

in towers immediately adjacent to the electron is summed and required to be less 

than 2 GcV, The number of towers summed in this manner depends on the shape 

of the electron cluster but ranges between 8 and 12. This cut requires the election 

to he isolated and is efficient for heavy t quarks because the large mass of the t 

quark leads to increased separation on average between the decay electron and 

any associated jet activity. 

7,4.1 Conversion Detection 

One of the general conclusions to be derived from studying the E/P and other 

distributions for various electron cuts within the CDF data, is that the electron 
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Figure 31: CDF kad/cm distribution for electron candidates with E, > 15 GcV. 
The hatched area is removed by the standard electron cuts. 

candidate samples arc dominated by sources of real electrons. However, these 

electrons include a contribution from converted -y's which is as Urge as 30% at 

low Pi, Thus it is important to design algorithms which are effective in removing 

conversions. 

Pairs of trec&s (one of which is an electron candidate) arc selected which have 

opposite charges and low invariant mass. Also, the CDF vertex trine projection 

chamber (VTPC) is used to identify candidate tracks which hate fewer than the 

expected number of hits in this innermost chamber. This independent method for 

finding photon conversions from the outer wall of the VTPC can be used to correct 

for conversions in the inner wall and to determine the efficiency of the conversion 

detection method which depends an finding low mass opposite charge track pairs. 

The conversion samples with well-separated electron pairs can be used to further 

test the response of the detector to real electrons. Figure 32 shows the fraction of 

expected VTPC hits found for opposite and same sign charge pairs. The peak at 

small hit fraction in the opposite sign distribution is due to conversions. 
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Figure 32: Fraction of expected hits in the CDF VTPC tracker for opposite and 
same sign charge pairs. 

Another source of real electrons and thus potential background for a top quark 

search begins to dominate for high pt leptons, TJiis is the production of ejections 

from the decays of W's and Vs. The lepton p( from the decay of these objects » 

high because of the large mass of the W and Z. LepLons from Z's are easily removed 

from the simple by eliminating all events which have a second electromagnetic 

cluster which forms an invaiiaat mass greater than 70 GeV with the candidate 

decLron- W's arc much harder to remove, and we will find later that the chief 

background to electron plus jet searches for top is VV + jet production. 

Additional checks of the election response can be made with the electrons from 

identified \V decays, i.e. those events with both a high pt electron and Urge {£r-

The E /P distribution from such a sample is showu in figure 33 and illustrates 

both the c learness of the signal, and the presence of a small tall a t higher E / P 

due to hard synchrotron radiation which lowers the value of P detected by the 

tracking chamber, while having a smaller effect on E because most of the radiated 

energy is deposited in the same calorimeter cell with the electron shower. Note 

thai the \V Muiitc Carlo which includes this and other effects in the simulation, 

dots an excellent job or reproducing the shape of the E /P distribution. 

One fmal mcLhod of verifying the performance of the cuts used to define elec

tron samples is to nan test beam data. Figure 34 shows the distribution in the 
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Figure 33; The E/P dislribu''- -• horn A W simple. 
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Figure 34: The atrip chamber x1 distribution for 50 GeV r and electron showers 
in I he lest beam data compared to a sample of electrons from W'a . 

X* variable used I n test Ihe transverse shower shape or an electron in the strip 

chambers which arp within Ihr C D F detector. The points shown are from lest 

beam ptons mwl elrcLrons, while the solid histogram is the distribution found f«i 

W events in the <fata. 

7.5 Cut Efficiencies 

The efficiencies of the cuts used to define electrons ran be miMsurri] using a 

combination of Monte Carlo rlerlron sample, and test beam tpclinirpies. In most 

cases, tliecJTiciencics and cuts depend lo some extent on the type of aiiMysj* which 

is needed in tbc sense Uiat one must balance the nerd for very clean signals and 

excellent pion rejection with the need for an efficiency large enough to provide a 

reasonable size sample of final events. 

For top quart searches, combined efficiencies limes brnnrhin£ ratios are typi

cally a percent or less for fcptonie channels. T ims in order to i jplrrt ihr presence 

pf a top quark, the number of produced events must be soinewhrrr' between IDO 

and 1000. T h e top cross section for the C D F detector with an integrate'! lumi

nosity or about 4 pb'1 would allow a mass limit of approximately 80 O V far an 

effective sensitivity of 0 . 1 % and a limit of about 125 («cV for a sensitivity of \%. 

In the final analysis, the efficiency is close lo \%, but with proper account foe 

uncertainties in the theoretical cross section for top production and the system

atic uncertainties in detection efficiency, we will see that the effective sensitivity 

is closer to 0.1%. Table 7 lists the rough i i id iv ir iW efficiencies for the cuts which 

Table 7: Rough efficiencies for cuts made in a top analysis. 

Criteria EJjiriency 
I , I < I . I 68% 
h/rm < 0.07 99% 
Isolation 74% 
Track 88% 
Track to strip 95% 
shower pattern 98% 
E, > 6 GtV 95% 



arc made on an electron for a Monte Carlo'7 sample. 

7.6 ft -» e + jets 

For the electron plus jets search for the top quark, the techniques used at the 

Tcv&tron and CEKN differ because of the different relative contributions of t 

production from W decays and direct t production. For a Light enough t quark, 

it would be possible for a real W to decay into tB. In this case, semileptonic 

decay of the t or b wilt yield an event with an electron, $? and at least one fairly 

energetic jet. Backgrounds arise from W + 1 jet production and bl> production. 

Present limits from CDF [51] however, are large enough to exclude significant W 

to t decays. 

At the higher energies available at the Tevatron, the dominant production 

mechanism is it, Detection in the c + jets mode is due primarily to the semilep-

tonic decay of one of the t 1s although there is also a contribution from electrons 

from the b quarks resulting from the t decays. With one semileptonic decay, the 

signature is an electron, ET , and at least 4 jets, although as pointed out later, 

depending on the mass of the top, two of the jets may be quite soft. 

In order to effectively use these signatures for the top quark, it is necessary 

to detect and count the number of jets produced in association with the electron 

and ET . Figure 35 shows the energy deposition from a pair of 200 GeV jets 

and illustrates that at these energies, jets are easily distinguishable, and arc: well-

Figure 35: Energy deposition from two 200 GeV jets 

* 

Figure 36: A top-like event, probably due to W production. 

defined objects. The primary problem for the top search is that the jets are on 

average about 20-25 GeV, and thus it is necessary to know the detection efficiency 

at lower energies and the jet energy scale, i.e. Eoi^^jJE^rfu^ for these lower 

energy jets. An example of an event which looks like top, but ts most likely from 

W plus jet production is shown in figure 36. The tall narrow tower is the election 

with E, of €3 GeV, and the ET is 34 GcV. 

8 CDF Electron Plus Jets Search 
The electron plus jets search proceeds by requiring a "golden" electron candidate, 

i.e. a cluster in the central electromagnetic calorimeter with Et > 12 GcV, had/em 

less than 0.05, E / P less than 1.5, track to strip matches of less than 1.5 cm in xy 

and 3 cm in z, and good shower profiles. The distributions in figures 30-31 indicate 

that very little background remains in the sample from overlaps or charged pion 

interactions after these cuts. About 30% of the inclusive electrons above £.', of 

12 GeV come from 7 conversions and x° Dalitz decays. These are removed as 

discussed previously by requiring a track in the VTPC, and by removing any 

candidate with * second track which form* an invariant mass parr with mass 'ess 

than 0.5 GeV. Electrons from Z° decays are removed by looking for a second EM 

cluster which forms an invariant mass greater than 70 GeV, At lea-it two jets with 

Et > 10 GeV and [7] < 1 are required. 

The distribution of # j versus Et shows (sec figure 37 ) that the remaining 
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Figure 37: #T versus Et for electron + > 2 jet events. 

sample of events coincs primarily from events with Urge ^ x "id large E% due to 

VV production, Mid lower # r ,£'[ events which in general also show poor isolation 

and are consistent with the kinematic properties expected for events due to bottom 

production. 

Two fiducial region* in the PT , Et plane are defined, one with ft- > 20 GeV 

and Et > 20 and a second with #r f £i > 15 but ET + E, > 40 GeV, See figure 37. 

Tli? looser cut is more efficient for low m m top, but lets in more background 

from light quarks. It is used to extend the search to lower top masses where the 

rales are large. The tighter cuts arc used at higher manes. 

The method used to search for top quark production in the electron plus 2 

or more jet sample is to use the electron £'i and the missing transverse energy, 

tfT , to calculate a transverse mass and then to compare this distribution to that 

expected for W and top production. The expected transverse mass distribution 

for \V*» is generated by Monte Carlo, but checked by studying the electron plus 

oiiejclnAinple which should in fact be dominated by W production. Theobserved 

distribution for this sample is then compared to a W+l jet prediction from the 

PapagenoMonte Cnrlo|52| and found ID be in excellent agreement. One nvght well 

Table 8: Fitted value for parameter a and expected number of top events. 

MIOP a "ll 
40 
50 
CO 

70 

80 

0 07 i 0.05 i 0.02 
006±0.05 ±0.03 
0.11 i0.08i0.Ol 

»0" 

130 i 44 
123 ± 31 
101 i 2 2 

43 ±8 

32 ±5 

ask whether the agreement in the W+l jet sample is relevant to the search which 

is dominated by W+2 jet backgrounds, but the detector resolution in transverse 

mass for the W+2 jet sample is similar to the resolution for the W+l jet sample, 

and it is this transverse maw resolution which is most crucial for the final result. 

In this analysis, the electron plus two or more jet sample is found to have a 

transverse mass distribution which agrees with that expected for a pure VV sample. 

The rate of events obscivcd in this class is within 30% of the predicted rate from 

the Papageno Monte Carlo which is within the theoretical uncertainty of about 

30-50%.[53J The transverse mass distribution for top decays where the top mass 

Is below threshold for real W production, is quite different from that for W's. 

In general, it tends to peak at lower transverse masses. This fact is used to fit 

the observed experimental distribution to the expected shape due to the sum of 

contributioni from the W plus jets and from top- A binned maximum-likelihood 

fit i jsed to fit to the form 

dN/dM l = =aT(M t ) + bW(M ( ) . 

The results of the fits are shown in table 8 and figure 38 where the coefficients 

a Mid b would be 1 if the predicted source agreed in rate with the Monte Carlo 

prediction. 

To interpret the fit as a limit for top production, the following systematic 

errors are included. 1% for electron energy calibration, 20% for jet energy scale 

uncertainties, 5% electron selection uncertain tirait and \b% luminosity uncertainty. 

To addition, the fragmentation parameters of the top quark in the Isajrt Monte 

http://i0.08i0.Ol
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Figure 38: Tlte transverse m u i distributions lor (a) 70 GeV lop (dashed) and 
P*pageiio (solid) for > 2 jets and (b) > 1 jet. 
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Figurc 39: The 95% CL upper limit from the electron plus jets search and the 
acceptance (fight hand scale) 

Carlo have been varied* [54] and uncertainties of 5Q% and 20% have been used 

for initial state radiation and the underlying evcut contributions to the jet rate 

respectively. Each of these quantities is varied in theMunte Car[u,an<l the restItacit 

effect on the fit [which depends on M,) is taken as the systematic error due to this 

puajnetcr. These errors are added in quadrature. The resulting upper limit for 

t production is shown ID figure 3d where the top production cross section which 

has been assumed is the tower bound from Altarclft et al.[S5] The result* of the 

fit exclude the range 

40 < Af, < 77 excluded 95%rf . 

Additional information concerning the candidate events such as th.f jet-jet 

mass distribution for 2 jet events, and the distribution of the number of jets in 

the observed events are also consistent with a. pure W sample. Allhuugh iliise 

latter distributions and also the angular correlations between the jets have not 

been used in the present analysis, they can be used to extend the sensitivity of 

the search in the future. 



9 Top Detection using Dilepton Signatures 

Siucv at the Teeatran the dominant production of top quarts is via (7 production, 

the simplest signature for this cross section is the presence of dilcptons from the 

stuiilcptonic decay of both the I and the I. (It should be kept in mind that 

depending on the cuts as much as 30% of such * signal may be contributed by 

cascade decays where one of the leptons comes from b decay.) In this mode, 

backgrounds lo the electrons, especially at low p,, come from the usual conversions 

M(J uwrfop background, , In the irujon case, (here are decays in flight and punch 

Hun background*. In addition to these backgrounds, dilcptons can also arise from 

III production with the subsequent frplonic decay of both Vs. This background 

cm lie effectively eliminated by isolation requirements on the leptona. 

The possible modes for a dilepton search are 

1. c+e~ : good trigger, but backgrounds from Drell-Yanand Z'a 

2. /i*>" : same as electrons, but cifier lo check iwtatkm cuts 

3. T*T- : poor trigger, fj from r decays sometimes cancels 

•I. cr : low background, poor r detection efficiency 

5. (ir : same problems as er 

0, rji ; probably the best of the dileplon modes. 

Rates for all ol llic dilcpton modes are low compared to single lepton modes, and 

rales for identical tcptons audi as 1-3 are hairthoseof 4-6. Detection efficiencies for 

r's are at p, cscnl quite tow so that together with the low dilepton branching ratio 

this effectively eliminates 3 5 as viable search methods. In addition, the channels 

1-3 suffer from Urell-Yui backgrounds, making all but the last mode unsuitable 

for the discovery of top, although each channel can be used independently to help 

confirm or deny the p-sence of a lop signal. Figure 40 show, the expected signal 

from ll production per 1 po"' and 5 GeV mass bin for thee*e"channel. While the 

signal is expected (o attend up to approximately 2m„ «t low m „ , it is obscured 

by DrellYan backgrounds and at high m„ it is obdccred by the presence of the 
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Figure 4ft Expected rate in evenla per 5 GcVji? from ll _ e + * - . 

Z! The beat place to look for top t u t u .ail to be in the valley between these 

two phenomena which would restrict the search to intermediate muses. With 

additional cnls against Z and DreU-Yao kinematics (and bene* fun.ier reduced 

sensitivity), it may be possible to probe higher masse* in the future. 

9.1 ff - • /i e 

The CDF electron muon K.urh for top uses the same electron sample discussed 

previc..„T for the electron jet mode eicept that the electron £ , requirement ij 

12 GeV and the E/P cat is 1.4. Because backgrounds are smaller in this final 

state, the isolation cut is not applied. In the central region, n < 0.65, 2 track 

srilh impact parameter < 0 J e n , and f, >5 , which matches a imion chamber stub 

with A/tst < 10cm is required. The difference in slope between the central track 

and the moon stub roust be less than 0.1, an- 1; iie calorimeter mtat have less than 

2 GeV is the EM ucl ioa and <6 CeV in the faadronk section consistent with a 

minimtirn ~eJainf; track. In the region 0.65 < n < 1.2, the requirement or a muon 

stub is removed. In this case, the track j>, is required to be more than 10 GeV and 
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Figure 41: ep (a) data and (b) 70 GcV top Tor 80 p b - 1 

tJie total caforimcter energy associated with tfw imi- 1 candidate less thfttl 5 GeV 

in a cone of radius 0.4 about the track. Note that tnatty of these cuts involve 

implicit, isolation rcquireniuiLtn. 

The events in the remaining sample cluster at low ettctron and muon Et as 

would be expected far light quark production with the electron and muon being 

typically back lo-b&ck. To reject lluse backgrounds, lite electron and muon are 

both required tu have Et > 15 and to be of opposite sign, One event remains in 

the sample. (See figure 41.) 

Expected rates from background sources are 1 event from '/* —« rr, 0,15 events 

from WW production, 0.05 events from WZ production, and of order 1 event or 

less from b quark jets though this rate i* uncertain due to uncertainties in tin.- Ii 

quark production crow auction. Thcuiwnicd systematic errors are 1% fur electron 

calibration, b% for electron selection dJicicHcy, 15% luminosity uncertainly, and 

20% acceptance uncertainty. The limit is delcximned by finding the ini-an of a 

Poisson distribution that when convoluted with the total systematic error yields 

a probability of 5% for observing zcto ot one event. This analysis vxrlufc* a lop 

quark in the range 28 GeV < M, < 72 GeV at U5%CL. 

10 Verification of the Detection Efficiencies 

The electron and jet detection efficiencies are crucial to tlic t ip quark searches 

discussed to far. It is important therefore to be able to verify that the electrons in 

tbeMonte Carlo simulations used for efficiency studies correctly mimic the prop

erties of electrons in the real data, The jet detection efficienci™ also need \o be 

verifit-d, and here again one needs to rely on the Monte Carktparaitictvrk'-alkMi of 

the jets and the response of the detector to them. 

A number of techniques have been used to verify that the jet detection tech

niques used in the CDF electron plus jet search for tup « r e idlicieut and lo verify 

that the jet energy scale is correct. Since the jut detection efficiency cjiteis twice 

for a two jet event, the overall detection efficiency can be quite sensitive lo errors 

in the jet energy scale. This sensitivity is less than might be expected however 

for heavy Bft because ibe leading jets tend to be we'l over the 10 GeV threshold 

used for jet counting. Thus a small shift in scale docs not change the rate by large 

factors. TV CDF acceptance varies by 5% for example if the threshold is changed 
to 12 GeV. Monte Carlo studies have shown that the Et > 10 OV threshold used 
in this analysis corresponds roughly to a produced jel of 15 CtirV rV, . 

The response of the detector depends on the charged to neutral ratio in the jet 

as well as the fragmentation spectra and the detector rtspoiise. Kortimatdy, much 

is known about these parameters. We know for example from e te~annihtlution 

that the fesgrnetiUthn of b quarks a not tigtiificantly different from other jets at 

these energies. Thus even though the top final states contain a significant numb* r 

of b jets, the Monte Carlo parameterizatiou of their fragmentation is probably 



reasonable. The r/jr response of ihe calorimeter in individual particles ts verified 

by using samples of low momentum charged tracks which arc well isolated from 

jet firtivily. Thrsi* tracks provide a source of in situ test beam particles. 

Three samples are used to further verify the jet response of the detector. 

1, the inclusive electron sample (dominated by electrons from b's) 

2, Z+jcL events (tow statistics since jV,r/iv> sa 10) 

3, *y+jct events . 

These samples cm all be used to balance the p t of A known electron, Zor*j a^'inst 

a jpi on lite opposite side to determine the jet energy scale. 

In the case of the inclusive electrons for example, tlic primary source ix believed 

It* be (cvrn after isolation cuts) pp -*fcJ - Assuming that (he E decay* to n jpi jind 

t tie l> decays to an electron* and using the fact that the 65 production is dominated 

by low p, 63 pai.s, one would expect to see the p, of the electron balanced by the 

p, of the jet after making a suitable correction for the fraction of the parent 

b quark momentum carried by Lbc decay electron. The CDF inclusive electron 

sample has 12,000 events with £*, > 12 GeV, and can be used for detailed studies 

nut only or the jets, but also of the electron properties. Further confirmation of 

tin- prcdictinn that this sample is rich in b production cornea .«HU the observation 

or an enhancement of 62 ± 17 events in right sign Kv pairs around the D meson 

mass with 5 ± 11 seen in Wrong sign pairs. 

The Z+jrt* sample is interesting for a number of reasons. First, the Z p, can be 

precisely calculated from the Z—c +c-modc. This p, will be balanced by the p, of 

the observed jets in the event and the jet p, and Z p, can be compared as in the 

case of the inclusive electron sample. One might worry about corrections due to 

undetected jcls from initial state gluon radiation, but these average to zero. The 

seeofid interesting use of (he ZV is in estimating the background to top searches 

from W+muIti-jel production. W+njet Monte Carlos arc constantly improving, 

but there arc problems. For example, W+(0,t)jets is included in Monte Carlos 

like Isajel, W+2 jets can be calculated from the matrix elements imbedded in 

the Papagcno Monle Carlo, and calculations of the matrix elements for W+3 jets 

are in progress. The complexity or HIP calculation pf Uie matrix element however 

increases so rapidly with the number ol jets that there is little hope of having a 

VV+4 jet expression any time soon. This is actually rather unfortunate brrause Hie 

rate of tl -»e+4jets is quite large, fun) without Ibis calrufatinn. it is not possible 

to estimate the contamination in the sample due lo W+4 jet pinductton, 

Fortiinalety, the Z-t-njct production is very similar to W+njrt, the Feynman 

diagrams being the same. There are several obvious difference* namely 

• Z statistics are limited (1/10 the number of W's) 

• The mass of the Z and W arc different 

• Z's come from IIB, and tf3 while W's come from in? and rfn. 

The last point is important because l h P proton has a u to d ratio which increases 

slightly as you go up in x (j.e, go to higher p, ) and this effect m?»y enhance the 

production of larger njet slightly. Even with this caveat, the Z's are an extremely 

useful calibration and test siguaLurr. | n order lo dispel the popular myth thai 

such events are somehow "dirty" at hadron machines, figure 42 shows a typical Z 

event which at low pt has only a few extra tracks from the "minimum bras event71. 

Z events can be extracted from the inclusive electron samples with minimal cuts 

on the second electron. Figure 4.1 shows the mass spectrum obtained from such 

a sample with the additional requirement of * second electromagnetic cluster, 

but no olher electron cuts. Note the high mass candidates are essentially free of 

background. 

TKe pt spectrum of the Z sample obtained in this way can be compared to the 

predictions of the bajct Monte Carlo which includes both the lowest order matrix 

elements and an effective contribution from some of the higher order diagrams 

due to the inclusion of initial state radiative gluon corrections. The comparison 

is shown in figure 44, and shows excellent agreement. Figure Ab shows the result 

of comparing the jet pt with the Z p, in a selection of Z + 0 or I jet events to 

determine the jet pt scale. The expected ratio is approximately 0.6 due to the 

average response of the hadron calorimeter to the jet energy deposition. The jet 

efficiency can also be estimated in such a plot by counting the number of times 



I'igurc 42: Typical 7 event in the hadrtm environment. 
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Figure -Vi. Invariant mass distribution of inclusive electrons cornbhutl with a 
second vlfcUonidgiielic cluster. 
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Figure 44; Partial ( 2 pb-l) Z pt spectrum from CDF compared to Is a jet 0.2 lr 
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Figure -15: Jet p, versus Z pt for Z + 0 or 1 jet events. This distribution can be 
ujitrd to verify the jet energy scale. The slope of 0.6 shown is the expected detector 
response. 

that a Z occurs with no jet as inriiea.tr*] by the points on the plot with no observed 

jet energy. This is only a lower limit to this efTiciency because- a cot ration needs 

to he applied for those events where the 7* pt is balanced by a tow p f forward jet 

or "(jy several jela. J P U shown in the pint are restricted to lie in the region \rj\ < 2, 

and events with more than 1 jet are not plotted. 

It is clear from the plots, thai the technique of lining Z's to calibrate the 

detector is a t present limited by the Z statistics. This technique will however 

become very important in SSCJ detectors. The typical "Snowmass year-" for an 

SSC detector is one ttt which the recorded luminosity is 10* p&~'. The Z cross 

seclion is about 70 fib (2Drib within TJ of 1.5) yielding several events per second 

in the e**~decay mode, which is sufficient for detailed studies of the detector 

response. 

10.1 Direct P h o t o n s 

The detection of direct photon events, i.e. events with a photon which is not the 

decay product of a T ° or some other resonance, is interesting both as a. physics 

process which can indicate new physics, and as a further mean? of calibrating 

the detector, response. The response of the detector to a well-isolated photon 

(or in fact a well-isolated *°) depends only on the electromagnetic calorimeter 

response and usually has quite a small calibration error. As in the ease of the Z, 

events where the pt of the photon is balanced by a jet can be used to calibrate 

the je t response in the hadron calorimeter at low jet p> . Unlike the Z, statistics 

are not limited. The major problems are the theoretical uncertainties due to 

the degree of isolation of the photon- Three possible types of Feynman diagrams 

contribute to the production as shown in figure 46. The annihilation and Complon 

diagrams are t he most useful because they produce well-isolated photons, hut the 

Bremsstrahlung diagrams yield many more events because the glue-glue luminosity 

is much greater than that of the quark-ant iquark or quark-glue structure function 

combinations. Such photons are not useful for calibration both because of the 

need to balance the pt of the photon against that of two otbpr jets, and the fact 

that one of the jets is likely to be quite close to the photon and thus there will be 

some uncertainty about exactly how much of the deposited energy in the photon 
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Figure 4fi: Fuyiunan diagrams for direct photon production, 

is in fact coining from the tails of the trans f^rae spread of the nearby jet. Some 

rejection of these events can be liad by cutting out events with jet activity in the 

same hemisphere as the photon. 

11 t Quark Fragmentation 

As discussed before for the h quark, ilieleplop spectrum and the degree of \epioit 

isolation will be determined by lhe way in which the t quark hadromzes. As in 

the case of the b quark, the heavy t quark will yield a fragmentation spectrum 

which, via momentum conservation, will Lend to produce T mesons with momen

tum fraction z near one. When the T mesons are finally detected, this sample 

will provide a further test of the Peterson form of the fragmentation spectrum. 

Following tliia form, ihir Isajtt Monte Carlo uses 

Tor the t parameter with the default values shown in table 9. lit this model note 

that constant t , values still lead to harder fragmentation spectra as the quark 

Table 9: Default vaujei, for t , 

| Quart *% 
1 c 

b 
\ 1 

0.8 
0 * 
0.5 

Table 10: Ratio of the rates for ix values of 1.5 and 0.5 

< = 1.5/e = 0.5 rates Mi = 40 M, = 70 

Standard election 

Twojels 

E,, <h > > S 
B, + ft- > 40 

o.sa 

0.8D 

LOT 

0.97 

0.98 

0.9!) 

mass increases due to the lfm* behavior of c. Larger values of <-, however hare 

the effect of softening the lepton spectra and thus decreasing the experimental 

cificirccy. There is no firm theoretical estimate of the possible variation which 

should be used for systematic errors on the t parameter, but given the success of 

the Peterson formula in describing the c and f> systems, it seems reasonable to use 

the range 1.5-0.5. A study of the effect of this va.riation|5G,51} has shown that the 

decrease in efficiency for the electrons in the CDF top search is a t least partially 

compensated al low mass by an increased efficiency in the #T cut. Table 10 shows 

the ratio of the rates for top candidates assuming u values of 1.5 and 0-5 for eventa 

passing various cuts. 

12 Higher Mass t Quark Detection 

Present limits from the electron plus jets search of CDF indicate that the (tip 

mass is greater than '/7 GeV. The electron jet search and the dilepiou searches 

from CDF will be extended in the next Tcvatron run, but meanwhile it is good 

to investigate other search methods arid see what the limitations are to extending 

the present searches. 

The region from mt = Mw + m 4 K 86 to m, ?= 95 is a particularly difficult 

one for the electron plus jet search. The reason is thai as we have SCL-H, the 

chief background to the search is the production of W+muIti-JL-ts. hi this mass 

region, the t quark begins to decay into real W's , but due to the light mass of 

the b quark relative to the W, the b quark is very soft and is often below the 
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jet detection threshold. There are of course two W's in the event, so tlittc are 

still several jets, hut the kinematics of the two b quarks arc changing rapidly 

ftcross this region. As a function of top mass then, the electron plus at Irast two 

jets delected rate decreases rapidly at around 86 GeV in a way which depends 

on the W width and the b quark mass. Once the minimum is reached however, 

the experimental acceptance as a function of top quark mass remains relatively 

constant as the top mass increases because the decrease in the (? cross section 

with mass is compensated by the rising efficiency due to the harder and harder b 

quark sprrtrum.f57| 

The sensitivity of present searches could be improved by requiring rtioic than 

two jets in the electron jel se-trch. The W background decreases by roughly o „ 

while the t rate decreases somewhat more slowly. For SO GeV lop quarks for 

example, one would expect to detect roughly equal numbers of electrons plus 

two, three, and four jet events. The major uncertainty becomes the increased 

systematic uncertainty Associated with detecting more jets. Other methods of im

proving the search sensitivity include placing ems on the leading jet-jet invariant 

mass for electron plus two or more jet events. This new information will certainly 

imp row the sensitivity slightly, but will require increased reliance on the details 

of the W+jet Monte Carlo. The electron + four jet rate is probably quite clean. 

Unfortunately, there is no W+4 jet, Monte Carlo, and loo few Z+4jet events to 

determine how dean this sample is. Even if we had a Monte Carlo for o plus 4jel 

production, there would still be uncertainties due to the possible presence of on? 

or fewer jets coming from initial state effects. In any case, the efficiency of this 

channel decreases even more rapidly than the two jet case near 86 GeV, 

Baer el a!.[5Sj have suggested an interesting variant of the W t o Z ratio test for 

top discussed previously under indirect top search methods. The basic idea is to 

make the same ratio test, but to divide the ratio test into bins of various numbers 

of jets. Figure 47 shows the variation of this ratio as mt increases above 70 GeV. 

This method is using the same information as would be used by requiring more 

than two jets or by including the njet distribution in some sort of likelihood fit. 

That is. it points out that the chief contribution of top quarks will be to produce 

W-like events with extra jets. The main difference is that at the expense of the 
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Figure 47: W/Z expected event ratio as a function of the number of jets (partons). 



poor statistics in the Z+2,3 jet rates, the uncertainty in initial state radiative 

effects has been removed since they should be Llic same for the real W's and the 

Z, Any extra rate in the "W" '» wwuld signal the presence of top. Note also that 

the real experimental ratio probably does nut vary smoothly in going across the 

region just above Myv because the number of par/tons which are detected as jets 

is changing for the reasons discussed previously. 

12.1 Multi-W Production 

Despite the presence of W phut multi-jet backgrounds, the real signature for heavy 

top production \% the presence of iu>o W'». There is of course * i lazdard model 

background from WW and WZ production which however from the point of view 

of an experimentalist, would be interesting to study anyway. Note that the stan

dard modul WW rate depend* crucially on eaiieellatious arising from the Higgs 

median h,ni I Figure 48 shows thai the rales for WW and WZ topologies are 

strongly dependant on the top quark mass. The rates fur SSC scale machines are 

enhanced by 2-<t orders of magnitude by the presence of top in the 130 GeV range. 

The absolute rale for tfproductiun for masses of order 100 GeV is small enough 

that extending present searches would only be possible if the detection efficiency 

were somehow increased. One obvious way to do this is to pick a branching ratio 

for the final state which is higher, he. replace the electron # r signature with 

jets. Changing from the electron decay of the real W to jet m o d s increases the 

branching ratio and therefore the efficiency by a factor of about 9. The final state 

is it -+ \V\Yhli —* jjjjhS- Without the isolated lepton however, the signature is 

overwhelmed by QCt) multi-jet production, Even the QCfl 1 jet rate with pairs 

of jets *vilh ni1 abuvv CO GeV is one to tiro orders of magnitude larger than the 

expected signal, depending uii the cuts. Future generations of experiments may 

he able to extract a sign J by optimising the nadrori calorimeter resolution (which 

improves signal W notee), and perhaps some level of b quark tagging either by 

vertices ur soft lepluus or both. 

The success ur failure of detecting ll produrtion in the mulli-jcl channel de

pends crucially on the calorimeter resolution. A I Oil (IeV top quark for example 

has a production cross t&tliuu of about 100 p t so that for CDF integrated lunti-

t t—WW 

10 I- mt » 90 
/ 110" 

40 

Figure 48: pp -* W+W~X for n,t = 90,JIO,130 GcV. The dashed curves give 
the standard model rates fur WW and WZ production. 
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Figure 49: Mass combinations foi partons with pi > 15 in pj? - • W+U'".K for 
m,= 100 GeV. 

nositics of 4.7 pfr - 1, there are almost 500 events produced with about half (f,6/9)3) 

of ttiem decaying into the four jet channel. Figure 49 illustrate! the jet-jet mass 

combinations calculated at the parton level for the case m, = 100. Further elim

ination of false combinations can be done by eliminating some of the 6 combina

tions that occur in a 4 jet event and by selecting events in which there are two 

distinct combinations which are both within resolution of the W mass. V-'i::!» th'5 

works well at the parton level, it is less successful when one deals with detected 

jet energies and angles to calculate the jel-jet mass. Comparisons between the 

parlon and delected jet angles [59) indicate that the FWHM is A * < 2 degrees 

and in Ai} < 0.3. The major problem is not with the angular measurements, it 

is with the energy measurement or the jet. Hadron calorimetric measurements 

as bad as 15B%fi/E can completely w 3 j U O I I t the partoo level peak and thus 

destroy the signal. There are many ways to degrade the performance of a hadron 

calorimcier. Dead regions. Variations in response due to non-uniform construc

tion techniques or aging of the medium, radiation damage, inability to control the 

channel to channel calibration, inadequate segmentation, noisy electronics, poor 

120 

100 

N 80 

6 0 

4 0 

2 0 

tiiulti-event recognition due to slow time response, lack of compensation (i.r. dif

fering hadronic and electromagnetic response), poor sampling fractions, low signal 

levels and intrinsic noise all contribute, and one of the greatest thallrngcs for SSC 

detectors will he to simultaneously optimize all of these factors. 

13 Top Quarks at HERA 
The HERA machine will collide .10 GeV electrons with 820 GcV protons for a 

center-of-masa maximum energy of ^/s = 314 GeV. Note that this would in itself 

limit top searches to the region tn ( < 157 GeV, The center-of-mass energy of an 

individual electron quark roJJrsiiui will be lower than */* arid will be determined 

by 

s = xs 

where x is the fraction, of the proton's momentum being carried by the constituent 

quark or gluon which is struck by the electron. The relative discovery reach 

of machines depends on the luminosity, the underlying coupling strength of the 

colliding particles, and the available cm. energy. With infinite luminosity, one 

can probe all the way out to x = l for a clean signature, but for comparisons of 

HERA with the Tevatron, wc will use i = 5. This latter estimate comes from the 

ability lo easily see 600 GeV mass jet-jet pairs at the TevaLron where the total 

c m . energy is 1800 GeV and the available energy goes like 3 = X|X2 s. One might 

expect then to see top up to roughly 157/i/J or 92 GeV at HEItA. To further 

compare the discovery potential For top of HERA and the Tevatron, we also need 

lo compare the integrated luminosities. The projected luminosity for HERA is 

200 n o - 1 per year, hut this has to be degraded by roughly a factor of a due to the 

electromagnetic coupling of the electron. Thus we can sec that this luminosity is 

roughly equivalent to one third the luminosity accumulated in the lant Tevatron 

run (5 ptr1). These rough arguments indicate that lop quark search™ for heavy 

top will be difficult at HERA, but to go further wc need to look in d'-tatl at the 

production cross sections and the signatures. 

There are two possible ways to produce heavy quarks at an ep machine. The 

first, shown in figure 50a requires Qq mixing and has a very small cr^.« section. 



a) "0 

Figure 50: Heavy quark production pruces.ua in ep. 

The process shown in figure 50b (boson-gluon fusion) dominalcs.[60| The relative 

contributions from -> and W exchange depend on the top quark mass as shown 

in figure 51 with weak and electromagnetic contributions being equal at about 

60 GeV. 

The main problem however is that while the cross section for m, = 60 is 0.13 pb 

for (6 and 0.09 for l l , the H cross section is 4 10 s. Isolation cuts and p, cuts (Less 

than 1 GeV in AH = 0.4 and p, > 8) yield a b:t ratio or 100:1. This is further 

improved by requiring # r > 10 GeV but by this lime the t rate u so small that 

a 5 year run only yields 10 events for a top mass of SO OeV. [Cl,62) 

Dileptoii modes with both leplons isolated arc cleaner. Since the major source 

is tl production due to the isolation requirement, a further cut on the sum E, in 

the event can be made. The signal to noise at this point is only 1/1000. Cuts 

on the p, of each lepton of 10 and 5 respectively yield a signal to noise of I at 

m, = 41). Again however, the rates at higher manses arc not high enough. As 

in the pp case, further progress might be possible by looking for nou-lcptonic 

o-cay modes since this increases the available statistics. Cuts required involve 

using circularity, cutting on sum B, , requiring at least 4 jets, and anti-selecting 

on isolated leptons. At this level, the rates appear to be too small <o cut hard 

enough against the -,q - . qg background. Basically the backgrounds are large and 

the signals are small. If the lop quark had been as light as 40 CeV, the cross 

sections might have been large enough for the required cuts, but with current 

limits on the top mass, U j s unlikely that t pronorlioii in ep is large enough to be 

found at HEHA. 
Figure 51: Top production contributions in cp versus m,. 
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14 Conclusions 

Thr top quark has successfully eluded detection for another year with the highest 

lower limits for its mass bring 77 GeV from the CDF electron plus jets search. 

Hopefully it can't avoid being detected much longer? Its discovery will not only 

confirm our basic 3 doublet picture of the quark generations, but will also provide 

us with thn crucial parameter (m<) needed at present for high precision tests of our 

understanding of *he standard model. No reason to believe for the moment that 

the t does not exist, if anything, the b quark asymmetry indicates that it must. 

Churned Hifigs decay modes of lite t however could easily hide it from many of 

the current search techniques. Otherwise, if the mass is less than about 150 GeV 

it should show up in the 1991 or 191)3 Tevatron collider runs. If it's heavier, we'll 

have to wail for the SSC. 

In b physics, the standard model together with the spectator model of b decays 

continues to describe the physics well. Significant constraints between different 

elements or the KM matrix are beginning to arise, and the next major frontier in 

this area will be the investigation of CP violation. In this respect, the evidence 

seems to favor a non zero value for the b — ti transition which if it had been zero 

would have eliminated CP violation from the B system. Assuming CP violation is 

largo enough, the D meson system will provide valuable new measurements to add 

to those already gathered in the K system to investigate this poorly understood 

phenomena. 

I think it is clear that we are teaming and wilt continue to learn a. great deal 

nhout the standard model and potential deviations from it by studying the heavy 

b and 1 quarks. They are unique ill the sense that their mass allows us to flavor 

l«e, their presence in hadronic final states {via targe lepton pt ) and that their 

mass is large enough to make perlurbative QCD reasonably valid. So, aimed with 

a ftpod experimental technique and a good theoretical calculation, we arc certain 

to make further progress. 
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THE THEORY OF HEAVY FLAVOUR PRODUCTION 

R. K. Ellis 

Fermi National Accelerator Laboratory 

P.O. Box 609, Bntavin, Illinois 60510. USA 

The theory of heavy quark production in hadronic reaction* is reviewed. Rates 
for the production of charm, holtom and top quarks at energies of current interest 

1 . L e c t u r e 1 

1 .1 T h e Q C D p a r t o n m o d e l 

The treatment of heavy quark production which I shall present relies on the QCD 
improved paiton model. Thia model is generally applicable to high energy pro
cesses which involve a hard interaction. The parton model u originally envisaged 
by Feyoman[l] provides a physical picture of a high energy scattering event in a 
frame in which the hadron is rapidly moving. In such a frame the hard interaction 
leading to the scattering event occurs on a time scale short compared to the scale 
which controls the evolution of the paiton system. The characteristic evolution 
time for the parton system has been dilated by the Lorentz boost to the rapidly 
moving frame. During the hard interaction the par tons can be treated as though 
they were effectively free. Only in such a frame does it make sense to talk about 
a number density of partons. The number of partoni of type t with a momentum 
fraction between r and i J dx is given by a distribution function /if r) . 

Much of the structure of the parton model can be demonstrated to follow from 
the QCD Lagrangiaii, bnl with certain significant modification*. The QCD CaftOfl 
model has been introduced by HinchtirTe in his lecture*!?}. ' 'hall therefore only 
review the salient features of the model. The QCD parton model expresses the 
cross section a for a hard scattering with characteristic momentum scale Q as 
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Figure 1: The pkrton model picture of m high energy scattering. 

follows, 

This formula is illustrated in Fig. 1, The short distance cross section ff- it evaluated 
at rescalrd values of the incoming hsdron moment* Pi and P%. The turn on \ and 
; runs over the light quarks and gluons, u is an atbitraiy f cale which should be 
chosen to he uf the order of the haid momentum ecale Qr Note that ihe impulse 
appiojumalioii is used in Eq. 1.1. Interference terms which involve more than one 
active par ton per badron are not included. They require the transfer of the large 
momentum Q from one parton to another. Such interactions lead to term! which 
are suppressed by powers of the large scale Q and ate not shown in Eq. 1.1. 

The important features which distinguish QCD from the naive part on picture 
arc u follows. The short distune* crow section is now calculable as *- systematic 

expansion in the strong coupling as because of the property of asymptotic free
dom. The short distance cross section is defined to be the perturbatively evaluated 
parton cross section from which tbe mass singularities have been facLorised. For 
details of this factorisation procedure I refer the reader to RcL [3]. The physical 
purpose of this procedure is to remove the longdistance pieces (which are signalled 
hy the presence of mass singularities) from the hard scattering cross section and 
place them in the parton distribution functions. The short dislanee cross section 
then contains only the physics of the hard scattering. In the Born approxima
tion the short distance cross section is just the normal perturbatively calculated 
parton cross section, since no mass singularities occur in lowest order. The Bom 
approximation is sufficient in many circumstance* to extract tbe qualitative fea
ture* of the physics predicted by the parton model. 1 shall therefore not explain 
the factorisation procedure in detail. 

In QCD the parton distribution functions depend on scale /t in a calculable 
way as determined by the Allarelli-Psriri Equation [-l];/t(=,ft) is the number of 
partoni in the infinite momentum frame carrying a fraction between x and x-\-dx 
of the momentum of the incoming hadron and with a transverse size greater than 
l/ft. The fcate a which occurs both in Che running coupling and in the parton 
distributions, should be chosen to be of the order or the liaxd interaction scale 
Q in order to avoid large logarithms in the pcrtuibalirc expansion of the short 
distance cross section. 

The donbly differential form of tbe parton model result will *l$o be acces
sary for our purpose*. Consider a h u d scattering process in which two incoming 
badrons of momenta Ft and Pt produce an observed final state with two parlous 
of momenta p^ and st*. The predicted invariant cross section is, 

^^^Zj^^^^^^l 7wi< J" < 1 J > 
I shall discuss the sensitivity of the physical predictions to the input parameters 
in detail in the second lecture. Suffice U to say at this point thaL the distributions 
of quarks and gluons in the proton are determined experimentally, mainly by the 
analysis of deeply inelastic lepton hadron featuring experiments. At present these 
experiments determine the form of the light quark distributions* and to a lesser 
extent the form of the gluon distribution function, in a range of z > 10~ 3 and 
p. < IS GeV. 
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Figure 2: Lowest order Fcvnman diagrams for heavy quick production. 

1.2 The theory of heavy quark production 

The dominant puton reactions leading to the production of a sufficiently fieavy 
quark Q of mass m are t 

0) «(?.) + «?s)-<?(»> + 5 0 0 
(u) 

where the four momenta of the psrtons are given in braekcti. The Fcyninan 
diagrams which contribute to the matrix elements squared in 0{g*) axe shown io 
Fig. 2. The jutti Heat toft of the use of perturbation theory in the calculation of 
heavy quark cress sections relies on the fact that all the propagators in Fig. 2 are 
off-shell by an amount at least m*. The invariant matrix element* squared [5,6] 
which result from the diagrams in Fig. 2 are given in Table 1. The :^alrix elements 

Process ElMI' 

vv-QQ w(^ ? +§) 
9S-QQ ffe&-"W+**'-&) 

Table 1: Lowest order processes for heavy qnaik production, ^lAfl 1 is the in
variant matrix element squared with a factor of j 4 removed. The colour and spin 
indices We averaged (summed) over initial (final) atates. 

squared have been averaged (summed) over initial (final) colours and spins, (as 
indicated by ? ) . In order to express the matrix elements in * compact form, 1 
have introduced the following notation foe l i e »tio* of scalar products, 

. Zyj-ft 2 f t f t »^—-t * = (ft + ft)7. (1.4) 

The d-ependej.ee on the 5t/(jV c) colour group is shown explicitly, (K = JVf — 1, 
JV* = 3) and m i* the mass of the produced heavy quark Q. 

In the Bern approximation the short distance crass section is obtained from 
the invariant matrix element In (he normal fc!i-on[7j. 

«tr.i= — -?ft «*ft -iiwyvto + n - ft - ft) t^Wvf. 0 5) 2$ {2*¥2Ei\2*Y2Ei 

The first factor is the fiax factor for massless incoming particles. I f iff other terms 
come from the phase space for two-to-two scattering. 

1 shall now illustrate why it is plausible that heavy quark production is de
scribed by perturbation theory[oj- Coniidcr first the differential cross Section. Let 
as denote the momenta of the incoming hsdrons, which are directed along the t 
direction, by Pi and P% and the square of the total centre-of-mass energy by S 
•where S = (Pt + Pj)1. T i e sbo/i distance crow section in Eg. IJZ is to be eval
uated at rescaleu values of the parton momentar% •= *\P\,T* = z^Pi and hence 
the square of the total parton centre-of-mass energy ii * = x^S, if we ignore 

http://d-ependej.ee


the muses of llie in earning had tons. The rapidity variable for the two final i t i tc 
pat tout IE defined in terms of their energies and longitudinal moment* **, 

>[§**]• 2 » • « • _ . . (»•«> 

Using Eqs, 1.2 and 1.5 the result for the invariant cross lection m*y be written 

The energy momentum delta function in Eq. 1.5 fixes the values of x t and z a if 
we know the value of the nr mnd rapidity of the outgoing heavy quarks. In the 
centre of mass system of the incoming hadront we may write the components of 
the parton four momenta as ((E,pM,p¥tpt)) 

p a = V / 5 / 2 t * J l D 1 0 , - i 1 ) 

p 3 - (mrco*hy3»»TiO.'nT*iiihKi) 

P* = (ttir«rthyi r -priO.»nr«nhyi), (1.8) 

The transverse momentum in the final state hai been arbitrarily touted along the 
x-direction. Applying energy atid momentum conservation we obtain, 

The transverse mass of the heavy quarks is denoted by mr = ^/(m 3 + p?) and 
Ay = y 3 - y t is the rapidity difference between the two heavy quirks -

Using Ens. 1.7 and 1,9, we may write the crocs section for the production of 
two massive quarks calculated in lowest order perturbation theory as, 

dyadj/irf'pr 4m£(l -j* cosh(Ay)Ja ^ *—' 

Expressed in terms of mtiriT *nd Ay the matrix elements fox the two processes 
in Table 1 arc» 

Note that, became of the specific form of the matrix elements squared, the cross 
section, Eq. MO, is strongly damped aj the rapidity separation Ay between the 
two heavy quarks become* large. It is therefore to be expected that the dominant 
contribution to the total cross section cornea from the region Ay ^ 1. 

J n c * consider the propagators in the diagrams shown in Fig. 2. In terms of 
tbe above variables they can be written as, 

( * + * * ) * =ZpiP3 =2m5-( l+«o*hAy) 

( p i - f t ) ' - m ' = - 2 > i f t = - m } ( l + •-*») 

( f t - * ) * - " * ' = - 2 * * 1 = - m } ( i - r V ) . (MJ) 

Note that tbc deabminators arc all offs hdl by a quantity of least of order mV It is 
this fact which distinguishes the production of a light quark from the pn:4uctiou 
of a heavy quark. When a light quark is produced by these diagrams the lower 
cut-off on the virtually of the propagators is provided by the light quaik mail, 
which is leas thaa the QCD scale A. Since propagators with small victualled give 
the dominant contribution, the production of a light quark will not be calculable 
ia perturbalivc QCD. In the production of a heavy quaik the lower cut-oft" is 
provided by the mass m. It if therefore plausible that heavy quark production is 
controlled by a j evaluated at the heavy quark scale. 

Note also that the contribution to the cross section from values of pj- which 
are much greater than the quark mas* is also suppressed. The differentia] cross 
section falls like mf and as m r increases the parton flux decreases because of 
the increase of x ( and x j . Since all dependence on the transverse momentum 
appears in the transverse mass combination, the dominant contribution to the 
cross section comes from transverse momentum of the order of the mass of the 
heavy quark. 

Thus for * infGdeatly heavy quark we expect the methods of perturbation 
theory to be applicable. It it the mass of the heavy quark which provides the 
lirge scale in heavy quark production. The transverse momenta of the produced 
heavy quark* are of the order of the heavy quark mass and tbey are produced close 
in rapidity. The heavy quarks are produced predominantly centrally because of Ihe 



rapidly falling par Ion fluxes. Pinal state interactions which transform the heavy 
quarks into the observed hadrons will not change the lire of the cfoii lection. A 
possible mechanism which might spoil this simple picture would be the interaction 
of the produced he try quark with the debris of the incoming hadron. However 
these interactions with spectator put on* ate suppressed by powers of the heavy 
quark mn5*|9,l0]. For a itufficicntly heavy quark they cart be ignored. 

The theoretical arguments stimmimscd above do not address the issue of 
whether the charmed quark h sufficiently heavy that the hadroproduclion of 
charmed hadrons in all regions of phase ipace is well described by only proceiies 
(a) and (b) and their perLurbative correv'ions. 

Integrating Eq. 1.5 over all momenta we can obtain the total cross section for 
(lie production of a heavy quark. In general the total short distance crass section 
can be expressed as, 

,,,,.,„.) = 2M M , , £ ) . „, = £. ( „„ 
KIJIIMHMI 1.11 rciinplrlrly drtrribra llir short Hi«.t*ncc crews wxticm for tbr production 
of a heavy quark of m u * m in terms of the functions Fij. The indices s and j 
specify the types of the annihilating pailons. These short distance cross sections 
can be used directly to predict the total heavy quirk croti sec lion using Eq. 1.]. 
The dtmentionlcss functions Fit have a perturbative expansion in the coupling 
constant. The first two term* in thia expansion can be expressed as follows, 

•>VJ('•£?) "= ti?W + *'<"Wl7!l>W+t'Ml°l£)} + 0ial). (1.15) 

The energy dependence of the cross section is given in terms of p and flt 

,**£, P=^~f. • (1.16) 

The lowest order functions fjp defined in Eq. LIS are obtained by integrating 
Eq. 1.5 using tlie results of Table 1. The rciults are, 

*S?IP) ' j ^ C [ v + 2V(„ + 1)|£(0) + 2(V - 2)(1 + p) + p(6> - /V,')j 

£<"> = 3 l n ( r r | ) - 2 - < 1 1 7 ' 
Note thai the quark gluon proceia > u i i h « i n lowtit order, but it present in higher 
or den. 

Using the reiulti in Table 1 «e a n i l ia calculate the average values of Ihr 
Iranivene momentum iquared. The 9) contribution to the »J. weighted cro»j 
section i j ( 

and the gg contribution is 

/** A i£' i l l H'"'<2+*> - "W« + *AW] - nfm 
- o { 5 , + 2)/J<j (i . i9) 

with Ctfi) defined in Eq.. 1.17. The multa of Eo,i. 1.14 and 1.1? allow us to 
calculate the average vafae of pf' 

This leads to an average transverse momentum of order of the heavy quark mass. 
This ia illustrated in Fig, 3 fot the particular case of frjY collisions. For all values 
of the beam energy which are sufficiently far above threshold to have a sizeable 
Lumber of events, the average value of s£ is of the order of m*. As shown in Fig- 3 
jj- continues to have a small dependence on /*, because of the p dependence in 
the structure functions. 

Fax above threshold the average transverse momentum squared grows approx
imately linearly with t/S: 

(l$)%i»V5. 0-21) 

The net transverse momentum of the produced heavy quark pair reflects the 
distribution of transverse momenta of the incoming parfons and is therefore small. 
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figure 3; The avenge value of »}, in heavy quark production. 

1 .3 P a r t o n l u m i n o s i t i e s 

Consider a generic hard process initiated by two badrons of momenta Pt and Pt 

and S = (/>, + P,)>: 

" ( 5 ) " '£l['l*>ti*tM*Ll')Ji{*t.l')iiA<>sW.*,PL*ll'l). (1-22) 

In many circumstances the flux of partons with » given invariant mau squared 
will play a major role in I he determination of the cross section. It it IbeFrfoie 
convenient to define a parton luminosity L as a function of r = &fS where * :t 
the invariant mass squared of the paitons: 

r ^T = TTT £'h''u,[ll'f-[x">,)xif''-x">'))+<'1 •-'W'-'i^-O-a) 

-5 

Hence any parton cross section can be written as, 

£* ( r>'> = [ ; ^ ] <'-25> 
v»he(e a = £|Zj5. £ has the dimensions of a cross section. The teevnd object 
in square brackets in Eq, 1.24 is dimenMOI.less. It is approximately determined 
by powers of the relevant coupling constants. Hence knowing the luminosities, 
we tan roughly estimate cfoss sections. For this purpose we show the parton 
luminosities for S3i u*» » n d dd in Figs. 4t 5 and 6. The luminoiitics are shown at 
the present energies of the CERN and FNAL pp colliders and at the energies of 
the proposed UNK colliderf^/S =-. 6 TeV, rp)> the HHC <^/5 = 17 TeV. pp) and 
the SSC ( v £ = 40 TcV, pp). 

As an ciample of the use of these plots we examine the flux of parton* will) 
y/i -= 100 GeV. Since for heavy quark production * = 4m|- this value is appropri
ate for the production of a quark of mass m as 35 CeV. From Figs. 4., 5 and 6 we 
find thai, 

Ctt = 1 x lO'pb, CM = 1.5 x I0*pb, Cjj = 2 x ltfpb, */J = 0.63 TeV 

£ „ = 3 x I O V D , £ . 6 = 5 x 10'pb, £ j j = 2 x 10'pb, J~s = 1.8 T«V (l.ffl) 

Note that £„ is about 30 times larger at the Tevatron than at the CEKN SppS. 
The quftik-aati quark luminosities at CERN are about the same size as the gluon-
gluon luminosity, whereas they we a factor of ten smaller than the gluon-gluon 
luminosities at the Teratron. We conclude that (he production of a 35 GeV top 
quark at the Tevatron is dominated by gluon-gluon fusion. At CEKN energies 
both the glnon-gluon and the quark-anliquuk mechanisms arc important. Tlie 
cross section is expected to be about 10 times bigger i t FNAL than at CERN, 
The estimate for the cross section for the production of a 35 GeV heavy quark al 
the Tevalroa is {as % 0.1), 

tr W a | x S x 10V> = 3 x 10 4 pb. (1.27) 

In later section* we shall see that this ruugli estimate is confirmed by a more 

detailed analysis. 
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1.4 Higher order corrections to heavy quark production 

The lowest order terms presented above are the beginning of a systematic expan
sion in the running coupling: 

Filiation Jr'Jfi romplrlrly describes tilt? slutrl JUtaiiri'cross stvtinti fuj tli<-J>IU<)LI( tmn 
of a. heavy quack of m i u m in term* of the functions T,^ where the indicest and 
j specify the (yp« of (he uimfajt'ttfog par tons. The dimension less function* >\± 
have the following perturbative expansion, 

where p is defined in Eq. 1.16- The fun client ^,- ace completely known[ll|. 
Examples of the types of diagrams which contribute to f\) are shown in Fig. 7. 
The full calculation tnvolvec both real and virtual correctionc. For full detail* I 
refer the reader to Hcf- | l i ) . The gluon-gluon contribution )• alio considered in 
lief. (l2J.lu order to calculate the T^ in perturbation theory we must perform both 
renoraialisation and factorisation of D U I singularities. The subtractions required 
for rcnormalisation and factorisation are done at mail scaler. The dependence 
on p of the AOn-leadiag orde~ term ii displayed explicitly in Eq. 1,29. 

Note (hat n ia an unpoyiicaJ parameter. The physical predictions should be 
invariant under changes of p at the appropriate order in perturbation theory, ff 
we have performed a calculation to- 0 ( a j ) , variations of the scale p will t-*d La 
correction of O(o4)l 

?-^<r = 0{*%). (1.30) 

Using Eq. 1.30 we find that the t « m JP which controls the jt dependence of the 
higher perturbativc contrihutiona is fixed in terms of the lower order result J^°K 

In obtaining this result I have used the renorinalisation group equaliun for tlic 
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Figure 7: Examples of higher order corrections to heavy qu»rk production. 
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running coupling, 

f ' ^ i«sW = -&4(1 + ''os + •••) 

12ir ' 2»(33 - 2n,) (1.32) 

and the Altar ell i*Parisi equation, 

This illustrates an important point which is a general feature of rcnormalisation 
group improved perturbation series in QCD. The coefficient of the pcrturh&livc 
coircction depend* on the choice made For p, but the ft dependence changes the 
result in mch a way that the physical result is independent or the choice made 
for ft. Thus the p dependence is formally small because it is of higher oider in 
trj. This does not assure us that the ft dependence ts actually numerically small 
for all series. A pronounced dependence on fi is a signal of an untrustworthy 
perturbation series. 

1 shall illustrate this point by showing the ji dependence found in two cases of 
current interest. Firstly in Fig. 8,1 show the p dependence found for the hadiopio-
duction of a 100 G'eV top quark in leading and non-leading order. The inclusion 
of the higher order terms leads to a stabilisation of the theoretical prediction with 
respect to changes L» it. The situation for the bottom quark is quite different. 
In Fig. 9 the scale dependence or predicted bottom quark cross section is shown. 
The cross section is approximately doubled by the inclusion of the higher order 
corrections, which do nothing to improve the stability of the prediction under 
change? of ft. It Is apparent that lhe prediction of bottom production at collider 
energies is subject to considerable uncertainty. 

I row turn to the question of flavour excitation. A flavour excitation diagram 
is one in which the heavy flavour is considered to reside already in the incoming 
hadroii. It is excited by a gtuon from the other hadron and appears on shell in 
the final state. An example of * flavour excitation diagram is shown in Fig. 10a. 
Note that in calcuHting the flavour excitation contribution the incoming heavy 
quark is treated as it were on its mass shell. If we denote the momentum transfer 
between the two incoming partons as o, the part on cross section wjJJ contain 
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Figure 10: Graph* relevant foe discussion of flavour excitation. 

a factpr \fq* coming from the propagator of the exchanged gfuon. Therefore 
these graphs appear to be sensitive to momentum scales all the way down to the 
fitdrortic sice scale. This casts doubt on the applicability of pcrturbative QOT) to 
these processes. 

In the fallowing I shall sketch an an*Iysis{8] which leads to an important eon-
cluiion. When considering the total cross section, flavour excitation contributions 
should not be included. The net contribution of these sorts of diagrams are al
ready included as higher order corrections to the gluon gluon fusion process. This 
analysis begins from the observation that the flavour excitation graph is already 
present as a subgraph of the first twodiagrams shown in Fig. lob. Does the flavour 
excitation approximation accurately represent the results of these diagrams? In 
particular is the l/o* pole, which is the signature of the presence of the flavour 
excitation diagrams, present in these diagrams? 

I shall now indicate why the 1/f* behaviour ii not present in the sum of 
all three diagrams indicated in Fig. 10b. Let us denote the 'plus* and 'minus* 
components of any vector q as follows, 

* + = o ' + * \ , - = , • - , ' , f a - « V - v r . v T . (134) 

We choose the upper incoming parfon in Fig. ICb to be directed afong the 'plus1 

direction, p, = p* and the lower incoming parton to be directed vlong the 
'mi&us* direction, pj =* pj. In the small 0* region, the 'plus' component of q is 
small, because the lower final state gluon is on shell 

( o - « ) ' = <>. «* = £ <<-3S) 
since in the tentre-of-mass system tt ~ fi a *f$r ' n l n * ^ovf 9* region the 
'minus1 component of 9 is determined from the condition that production is close 
to threshold. 

(pi + q)* as 4m 1 , q' = ^ r , whrrc- 0-3o) 
Pi 

q~ is therefore also small in the fragmentation region in which pj si </$. We 
therefore find that in the fragmentation region of upper incoming hadron, 

q7 = q*q~ - qr<nK -ffr-flr. (I-*7) 



The current J to which the exchanged gluon of momentum q couples is deter
mined by the upper part of the thiee diagram v. In the fragmentation legion only 
(he J p' u * ' component is large.' 

? % - o*.T + q-J* - qrJT -- Q, J* * ^ ^ (1.3S) 

where the Ward identity is a pro petty of the sum of all three diagrams. The 
explicit term proportion*] to 4r in the amplitude shows that one power of the 
l / o 3 is cancelled in the amplitude squared. 

Thi« cancellation only accura when the soft approximation lo J+ is valid, Thit 
require! the terms quadratic "n q to be imall compared to the tcrmi linear in f i n 
the denominators in the upper pattt of the diagrams in Fig. 10b. The momentum 
q~ must not be too smalt: 

o 1 < 2 » V asm 3 . (1.39) 

Wc therefore expect the toft approximation to be valid and lome cancellation 
to occur when o 1 < m2. For further details I refer the reader to llcf. (8|. The 
calculation o[llv(. (H [provides an explicit verification of thii cancellation in the 
tola! eross section. 

1.5 Heavy quarks in jets 

A question of experimental interest is the frequency with which heavy quarks 
are found amongst the decay products of a jet. Since hadroni containing heavy 
quarks have appreciable seni>-lcptonic branching ratios such eventa will often lead 
to final at ales with leptons in jets. If we wish to use lepton plui jet event* a* a 
signature fur new physics we must understand the background due to heavy quark 
production and decay. 

Thii issue is logically unrelated to the total heavy quark cross section. As 
discussed above the total cross lection il dominated by events with a small trans
verse energy of the order of the quark matt. Jet events inhabit a different region 
of phase spate iiurt- they contain a cluster of transverse energy Ej- ^ m c i mt-
Tlii* Utter kinematic region gives a small contribution to the total heavy quail 
cross section. A gluon decaying into a heavy quark pair must have a viituality 
k2 > 4m 3 so pcrlurbativc methods should be applicable for a sufficiently heavy 

quark. The number of QQ pairs per gluon jet is ca]culable(13] using diagrams 
such as the one shown in Fig. 11. The calculation has two parts. Firstly one has 
to calculate B - ( £ a

l A 1 ) 1 (he number of gluons of off-sheJlness h1 inside the original 
gluon with ofF-ahellnesi £ 3 . Secondly, one needs the transition probability of a 
gtuon with ofF-thellness fc3 to decay to a pair of heavy quarks. 

The number of gluons of mass squared fc1 inside a jet of virtually E3 is given 

„ , JO jLia _ f'-(J?VA')]-e a t |, v1(2iV,/»ft)lnCg'/A')l 
"-<* .* J " ^ ( f e i / A * ) ] exp^|(2A/ -/ri)ln(lfeVA')J l & ) 

where 

and b if the first order coefficient in the expansion of the 0 function, Eq. J.32. 
The correct calculation of the growth of the gluon multiplicity Eq. 1.40 requires 
the imposition of the angular ordering constraint which takes into account the 
coherence of the emitted soft gluons(l4]. 

EQQ >* the number of QQ pairs per gluuo jet. Ignoring far the moment gluon 
branching calculated above, we obtain: 

wbere the integration limits are given l>y z± ~ (1+/J)/? with fi = ^{1 - 4m a /**) . 
The term (z* 4 (1 - z)*)/2 is recognisable a* the familial Al tarda-Pari si blanching 
probability for maisleit quarks. Integrating over the longitudinal momentum 
fraction z we obtain, 

The final result including gluon branching for the number of heavy quark pairs 
per gluon jet U, 

The predicted number of charm quark pairs per jet is plotted in Fig. 12 using 
a value of AW = 300 MeV and three values of the charm quark mass. Also shown 
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Figure 11: Ileivy quark production in jet*. Fignre 12: Heivy quaiks in jets compared with UAl and CDF data. 



plotted is the number of bottom quarki per jet with A1'* ~ 260 MeV. The data 
point shows the number or D* per jet ai meaiurect by the UA1 coUaboration[15] 
and by the CDF collaboration! 16]- Note th»L these resultt depend on the value* 
used far the branching ratiot (£>' —* Pit) and (D -* A'it). CDF u iu the values 
of the Mark III collaboration J17] whereas DM use* the values quoted by the 
Particle Data Croup. In order compare these numbers with the c£ pair rate*, a 
model of the relative rates of D and D* production it alio needed. For example, 
if all spin states are produced equally one would expect the charged D* rate to 
be 7A% oft fie totai V production rate. The point* in Fig. 12 needed to corrected 
upward fur unobserved modes before they can be compared with the curves for 
the total ce pair rite. 

2. Lecture 2 

2.1 Phenomenological predictions 

In this second lecture I will ill utt rate tbe application of Eqs. 1.1 and 1.2 to the 
production of h&drons containing heavy quarks. It is evident that in order ID have 
a reliable estimate of the cross lection one needs information o n the running cou
pling, the form of the pwton distributions and a calculation of the short distance 
cross section as a perturbation series in the coupling constant. 

To give an idea of the order of magnitude uncertainty to be expected in these 
estimates, I show a partial compilation(IB) of coupling constant measurements in 
Fig- 13. Also shown plotted is the expected theoretical form for several values of 
the QCD parameter A. by contention as '" determined from the QCD parameter 
A by the following solution of Eq» 1.32. 

b and &', which are also given in Eq. 1,32, depend on the number of active light 
flavours. Consequently A also depends on the number of active flavours. The 
relationship between the values of A for different numbers of flavour* CM he 
determined by imposing the continuity of PS *t the scale ft = m, where m is the 
muss at i)j£ heavy quirt. Jlcre A is the QCD parameter in the MS rctiormatisation 
ichcine with rue active flavours. It tt apparent from Fig. 13, that the value of as 



is still subject to a considerable uncertainly. For dcfinilenesi I shall consider A to 
lie in trie following range, 

iQO MeV < A& < 250 McV (2.2) 

but clearly other lean restrictive interpretations of the data are possible. With this 
spread in the value of A the variation of as at fi - 100 GeV is as follows, 

0.104 < asifi = J0D GeV) < 0.118. (2.3) 

The uncertainty in as is larger i t lower values of fi. It appears squared in any 
estimate of the heavy quark cross section. 

The extraction of A from deep inelastic scattering li correlated with the form 
assumed for the gluon distribution function. A given set of data can be described 
by a stiff gluon distribution function and a large value of A, ot by a softer gluon 
distribution and a imailer value of A. In order to make an estimate of the un-
certainty due to the form of the gluon distribution function, 1 shall use three 
sets of distribution functions due to Diemon, Ferroni, Longo and MartinelliJlS]. 
These distribution functions have A(*> = 100,170 and 2S0 MeV and appropriately 
correlated gluon distribution functions. 

The value of the heavy quark mass is the principal parameter controlling the 
size of the cross section. This dependence is much more marked than the 1/m* 
dependence in the short distance cross section expected from Eq. 1.14- A* the 
mass decreases, the value of x at which the structure functions must be supplied 
becomes smaller (cj. Eq. 1.9) and the cross section rise* because of the growth of 
the patten flux. 

The approach which I shall take (o the estimate of thenie'.tcal errors in heavy 
quark cross sections is as followp]20], I shall take A to run in the range given by 
Eq. 2.2 with Corresponding variations of the gjuon distribution function. I shall 
arbitrarily choose to vary the parameter /x in the range m/2 < It < 2m to test the 
•enritivity to fi. Lastly, I shall consider quark masses in the ranges, 

1.2 < m c < U C t e V 

4.5 < ma < 5.0 GeV . (2.4) 

•S 

I shall consider the extremum of all these variations to give an estimate of the 
theoretical error. 

We immediately encounter a difficulty with this procedure in the case of charm. 
Variations of *i down to m/2 will carry us into the region fi < 1 GeV in which we 
certainly do not trust perturbation theory. An estimate of the theoretical error on 
charm production cross sections is therefore not possible. In preparing the curve 
for charm production I have taken the lower limit on ft variations to be 1 GeV, 

The dependence on the value chvtcti (ot the heavy quark mass is particularly 
acute for the case of charm. In fact, variations due to plausible changes in the 
quark mass, Eq. 2,4, ate bigger than the uncertainties due to variations in the other 
parameters, I shall therefote take the aim of studies of the hadroproduction and 
photoproduclion of charm to be the search for an answer to the following question. 
Is there a reasonable value for the charm quark mass which can accommodate 
the majority- of the data on hadroproduction? In Fig. 14 I show the theoretical 
prediction for charm production. Note the large spiead in the prediction' Also 
shown plotted is a compilation of data taken from Kef. [21] which suggests that a 
valne of m c = 1.5 GeV gives a fair description of the data on the hadroproduction 
of D V After inclusion of the 0 ( a j ) corrections, the data can be explained without 
recourse to very small values of the charmed quark masi[20]. 

This conclusion is further reinforced by consideration of the data on photo-
production of charm. The higher order corrections to photoproiturlicm O(na^) 
have been considered in Rcf. [22]. After inclusion of these higher order terms we 
obtain predictions for. the total cross section, as a function of the energy of the 
tagged photon beam. The puncipal uncertainty derives from the value of the 
heavy quark mass, so I have ploLted the minimum cross section which is obtained 
by varying: A and the scale ft within the range I GeV < fi < 2nt for three values of 
toe charm quark mass. The comparison with the data on the photoproduction of 
dtajm[2J,24]T shown in Kg. 15, indicates thai charm quark masses smaller th*n 
1.5 GeV do not give an acceptable explanation of the data. 

In conclusion within the large uncertainties present in the theoretical estimates, 
the DfD production data presented here can be explained with a mass of the order 
of 1.5 GeV. This is not true of all data on the hadroproduction of charm, especially 
the older experiments. For a review of the experimental situation 1 refer the reader 
to Ttcf. [75]. 
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2.2 Results on the production of bottom quarks 

The theoretical prediction of bottom quttk production is very uncertain at collider 
energies. This has already been briefly mentioned in the discussion of Fig. 9, The 
cause oi (his large uncertainty is principally the very imall value of x at which the 
pttrton distribution! arc probed. In fsct, at present collider energies the bottom 
class section is sensitive to the gluon distribution function at value* of x < 10"'. 
Needless to say the gluon distribution function hat not been measured at tuch 
small values of x. An associated problem is the form of (fie short distance cross 
section in the large $ region. The lowest orde- short distance cross sections, 
7^°\ given in Eq. 1.17, tend to zero in the large $ region. This is a consequence 
of the fact that they also involve at most spin \ exchange in the (-channel as 
shown in Fig. 2. The higher order corrections to c j and gq processes have a 
different behaviour because they involve spin 1 exchange in the /-channel. The 
relevant diagrars ate thowti in Fig. 10b. In the high energy limit they tend to 
a constant]ll). Naturally these high * contribution! *ie damped by the small 
number of energetic gluons in the parton flux, but at collider energies the region 
•sf* "> m makes a sizeable contribution to bottom cross section. The fact that 
this constant behaviour is preterit in both JF*1' and 7"̂  indicates the sensitivity 
of the size of thii term to the value chosen far ft. There is therefore an interplay 
between the size of this term and the small x behaviour of the gluon distribution 
function. 

At filed target energies the cross section for the production or bottom quarks 
is theoretically more reliable. The p dependence plot hat a characteristic form 
similar to Fig- 8 and it is possible to make estimates of the theoretical errors, A 
compilation of theoretical results[26] and estimates of the associated theoretical 
error is shown in Table 2. The experiments] study of the production of bottom 
quarks in hadronie reactions is still in its infancy, but Table 2 also includes the 
limited number of experimental teiultl on total 1 "»ttom production cross sections. 

The calculations of tTrf.[l 1] also allow us to examine the pr and rapidity distri
butions of Che one heavy quark inclusive cross section*- Although the prediction 
of the total crv« section *t collider energy is uncertain, it is plausible that the 
ihspe of the transverse momentum and rapidity distributions is well described by 
the form found in lowest order perturbation theory. The MipporMnr, evidence |3l) 

-i 

mt ICeVJ i <r (theory) The-arclicitJ error Experimental d&U 
•JS = 41 GeV, n> 
4.5 
5.0 

23 nb 
9nb 

+21 -15 
+M -5.9 

•/S = S2GcV,fp 
4.5 
5.0 

14'.! nb 
60 nb 

+38-fa 
+47 -38 

BCF|27|, 150 < a < 500 nb 

y/S = MC< GeV, ft 
4.5 
S.O 

19 jib 
12 pb 

+ 10-S 
+7-4 

UA1|2»), 10.213.3 /A 

V S = 2 4 . S G e V , W Y 
4.5 
5.0 

7.6 nb 
3.1 nb 

+4.7 -3.» 
+ 1.5-1.5 

WA7»J29|, t/S= 2t.i OcV, 2 +.O.3+.0.9 nb 
NA10[30|, i/5= 23 CeV, 14+7-6 nb 

Table 2: Cross section for bottom production at various energies. 

for this conjecture is shown in Fig. 10, which demonstrates that the inclusion 
of the first non-leading correction does not significantly- modify the shape of the 
transverse momentum and rapidity distributions. At a fixed value of JJ, the two 
curvet lie on top of one another if the lowest order is multiplied by a constant 
factor. Similar results hold also for the shape of the top quark distributional]. 
The UAI collaboration have provided experimental information on Ihe transverse 
distribution of the produced bottom quark*. In Fig. 17 comparison of the full 
of prediction with IM.J data it made. The data it plotted as a function of the 
lower cutoff on the transverse moment am of the • quark, M lower values of k 
the agreement is satisfactory, but the experimental point* lie somewhat above the 
theoretical curve at high k. It would be nice to have an independent confirmation 
of this experimental result. An inability to predict the value of the bottom cross 
section for large transverse momenta px, casts doubt on our ability to predict the 
top quark cross section for mt s= p,-. However in view of the difficulties of the 
experimental analysis, this discrepancy is probably not yet a cause for alarm. 

The corresponding prediction for the shape of the bottom production crosf 
section at the Tcntron if shown in F;.g. 18. 
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2.3 Decays of the top quark 

Consider first of all the decay of m very massive top quark which decays into an 
on-sneN W-boson and a i-quark. The process has a semi-weak rale. In the limit 
in which m, ;** mn- the width is given by, 

T(« - kW) = ^ |V r t |' a 170 MeV |Vtf (l?L\\ (2.S) 

When the lop quaik is to heavy that the width becomes bigger than a typical 
hudtotitc rcale the top q iwk decays before it hadfontse*. Mesons ran tain frig the 
top quark are never formed. 

This should be compared with the conventional top quark decay for mt < 
iron* — mi which is a sealed up version of ft decay, 

r<'-**>=i£i^™>v*''(«£v)'. «"» 
The top blanching ratio to lepton* it given in the simplest approximation by 

counting; mode* for the W decay. Assuming the decay channel to tb is forbidden 
became m/ > mw — mj, the branching ratio is given by counting ova the JctMf 
modes e&t, M&w T&T • f i d three colours of 11* and ci\ 

B R ( W - So) = j j ~ = 11% . (2.7) 

It it important to inreatigate nncomtrntional decays of the top quark, especially 
if they alter the branching ralto into the leptonic decay mode. The feptonic decay 
mode w the basis of most search** for the top quark* A simple extension of the 
standard model involves the introduction of a second Higgs doublet. Top quark 
decay in this model haa been investigated inRcf- (32].In order to avoid strangeness 
changing neutial t\metiUJ33j one must couple all quarks of a pven charge to only 
one Higgs. doublet. After spontaneous tyinflietfy breaking we are left with one 
charged physical Higg* and three neutral Higgs particles. The dominant decay 
mode of the top quark is not to a Ieptonic mode, hut rather to the charged II jgg*. 

r(* - • in 4 J > - — ™ ( m f + m j - mj + 2mtmt)\{mi.tn^m1}) (2.8) 

http://ni.-4.75


wlicrc v is llic normal vacuum expectation value anil A(d,6,c:) = ^/((a 1 - 6 a -

c')» - 4o'c'). In turn, tlic IJ* decay, predominantly to ej mil iv,. If the vacuum 
eaprcUliun value of the tvio Higgi ficldi ii taken to be equal the branching fraction 
into a is found to be 61% and TV, ii 3I%[32). 

2.4 The search for the top quack 

The belief thai the lop quark mult exiit it baied both on theoretical aud ex. 
petillleulal evidence. The theoretical motivation U that complete familiea axe 
required for the cancellation of anomaliei in tilt currenti which couple to gauge 
field.. II ence tlic partner of the fc, r and f. millt exist to complete tbc third family. 

An anomaly occuri in a theory became symmetries pretctit »i the cluiical 
level arc destroyed by quantum effects. They typically involve contributions to 
tlic divergence of a current which ii conserved at tlie claiiical level. If (he gauge 
currenti arc •tminiloui, the Ward identities, which are vital for the proof that the 
gauge theory it rcnuriualixable. are destroyed. 

Anomalies occur In the simple triangle diigmm with two vector current* and 
one axial vector current. Elimination of the anomalies for a particular current in 
the lowest order trianglt diugram it sufficient In ensure that tho current remains 
anomaly free, evm »f,rr the inclusion oS more cojnpJicaled diagram*. If the cur
rents which interact at the three corners of the triangle couple to the matrices 
/.*,£* and L' for the left-handed ncldi.and lo the mil rice* JF.Jt* and /J* for the 
right-handed field*, the veclor*vector-axial vector triangle anomaly is proportional 
to, 

A = Tt\SrltftR<})-Tr\lS{Lk

tL<)). (2 .&) 

For the specific case of the SU(2)L y W ( | ) theory of Weinberg and Sal am we 
have the following weak isospin and hyperchatge assignments for the third family 

h> K - -IYL * I An, Tz = 0, YR = - I , 

TL, Ti~-\,YL = -\, T R I T 3 ^ 0 , J'fl = - l . (2.10) 

Sub Hi luting these couplings into Eq. 2.9, will all Combinations of Hie St! (2) 
mat rice* T' or the (/(I J matrices V we obtain the form of the anomaly for the 
gauge currents of the Weinberg-Salam theory, Two of the resulting traces of the 
couplings vanish for each fermjon separately, 

TrT*{T*>7'J- = 0 l T« f[YL* ft} = 0 . (2.11) 

The other two trace* vanish only for a complete fttnily["5] 

Tf (Vi - Yf) = 0, Tf Yt{T'.fu} = 0 . (2,12) 

It should be noted that there arc atill anomalies in global (non-gauged) currents in 
the Weinberg-Salam model. For example the normal isoipin current corresponding 
to a global aymmetty (in the abaence of quark •navies) ;• anomalous. It is this 
anomaly which is responsible for *• decay. 

The experimental reason to believe in the existence of tbe top quark i* the 
measurement of the weak iso*pin of the bottom quark. The forward backward 
asymmetry of o-jel* in e+e~ annihilation [241 is controlled by a4ait the product 
of the axial vector coupling to the electron and the b quark. The produced o 
and p quarks are identified by the sign of the observed muona to which they 
decay. The measurement it therefore subject ID a small correction due to Ba - B° 
mixing. Aisuming that the axial coupling to the electron haa its standard value 
the metauied weak isospin of the left-handed b quark it[34], 

T a = - 0 . 5 ± 0 . 1 . (2.13) 

Tbc limpidt hypothesis is that the bottom quart is in ao 517(2) doublet with the 
top quark* although more complicated schemes are certainly possible. 

Thua aaaured that the top qaaxk exut», we must only find it. The expected 
CTOM lection for the process 

P + p - » i + i + X (2.14) 

is shown in Fig. 19. The crou section i» calculated using the full 0[a%) cal
culation of |11] and the method of theoretic*! error estimate described in the 
previous sections, (c/. |20]). la addition, production of top quarks through the 
decay chain W -» (I is alio shown. Note the differing proportions of the two 



10" ts 

w" 

A 10" 

: io-u 

10" 

10" 

I | 1 1 1 1 | 1 1 l " « " | - T 1 1 1 1 1 — = 

Top quark production In 0( a, ), (NDE) -

\\ DFLM /j = m / 2 Aj = 250 MeV (upper curves)" 

r\ \DFLU /i = Z m Aj >= 90 MeV (lower curves) — 

v - cr(W* - > t6). VS"=1.8 TeV : 

k - er(W* - > 16). Vs"=0.63 TeV " 

r vv \ ' 

\ \ V S =i.a TeV : 

i r 

1 . . '. , 
VS =0.63 TeV ^ ^ = ^ ^ : 

Ni. • i i 1 i • i i T n * a > 
50 100 ISO 

m y * [GcV] 
300 

Figure 19: The cross section for top quirk production at CERN and PNAL, 

modes at CERN and FNAL energies. At VS - 1.8(0.63) TeV tJie ti production is 
predominantly due to gtiion glncm annihilation for m ( < 100| iOJ CinV. On tlic 
other band the W production comes mainly from 9$ annihilation at both energies. 
This explains the rnoie rapid growth wjih energy of the tl production shown in 
Fig. 19-

From Fig. 10 the range of top quark maMes which tan he investigated in 
current cxpcrimrnti can b? derived. In 1 sample of fi inverse picobarns about 
2500 tl pairs will be produced if the top quark hat a mass of 70 GeV. One can 
observe the decays of (he top quark to the eii channel or to the e+ jets channel. 
With a perfect detector the numbers of event* expected is. 

Number of eji event* - Zx .11 x It x 2500 = 50 

Number of e + jet erenli = 2 x ,11 x ,68 x 2500 = 300 (2,15) 

The e plui jeti channel gives a more copious signal and does nok require muon 
detection,, but thr background is larger due (o the process pp -* W + jtta. This 
background may become less severe with increasing top mass as the :ets present 
in top decay become more energetic. 

Let us assume that a limit of about 00 GeV will be set with the data from the 
1908-1989 collider run. If the efficiency of extracting the signal from the data does 
not change with the mass of the top quark, we can expect lo improve the limit 
by an additional 40 GeV aboTe the present limit, by increasing the luminosity 
accumulated at the Tevatron by a factor of 10. Note however that the efficiency 
of the r+ multj'jets channel* will increase for a heavier top quark. As the mass 
of the top quark increases the pqiiark jets occurring in Hn decay will be recogniwd 
in the detector as fully-fledged jeta. This occurs with no extra price in coupling 
constants. The background due to normal W-f-jets production is suppressed by a 
power of as for every extra jet. U will become less important if wc look in the 
channel with an electron and three and four jets. 
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«r Hollik1 •'• is.-» particularly complete and instructive summary of the (lieory, and 

the HIS!) M T study volume16' reviews Hie most recent numerical results. ] hope 

Hint my lectures will complement these works hy providing an cntryway into HIM 

field rt"t only (01 those who seek to be expert* hut for nil those who would like it, 

understand its new stage oF development. 

These h-rlures .-ire organized as follows: In Section 2, I will review the structure 

of tlir standard weak interaction model at icrolh order. In Section 3,1 will discuss 

the measurement of the 7." boson mass in e + c - annihilation. This measurement 

is alfecleil Iiy radiative corrections to the form of the X" resonance, and so I will 

review the theory of the resonance line shape. In Section 4,1 will briefly review the 

inodiliealinns or the properties of the Z° which would be produced by additional 

iicilral gauge bosons. In Section 5,1 will review the theory of the tcnorniillization 

of weak interaction parameters such as sin'ff,, concentrating especially on the 

contributiamr of (lie (op qasrk and other heavy, undiscovered particles. Section 6 

will give some conclusions and prospects. 

2. The Standard Elcctrowcak Model 

Lot us begin by recalling the basic zcroth order relations between boson masses 

and coupling constants in the Glashow-Wcinbcrg-Salam weak interaction modc-1. I 

will refer to this theory from here on as the standard model. 

The construction of the standard model begins with the coupling of of fermions 

to gauge bosons of the group SU{2) x V(1). This interaction is specified by the 

minimal coupling 

c = j;fnf, 

where the gauge-covariant derivative introduces the three SU[2) gang? bosons. A^ 
and one boson B0 associated with the U(\): 

0 , = 0m - i M J r ' + 9'BPY). (2.1) 

The pnrameteni £, g arc the coupling constants of the two groups, r* = ff*/2, and 

Y denotes the C/{1) charge, or hypercharge. 

The gauge bosons of the standard model acquire masse* by spontaneous break

ing of the gauge symmetry. The simplest way to achieve this breaking is Hy intro

ducing a scalar field $(t)r the Higgs field. This is a. complex doublet under SU{2) 

with hy perch argc Y = J. The kinetic term of the ^ field, which contains the gauge 

fields via mini ma! coupling, then includes a term 

C = \Dm4>\2 - 4*(sA r + g'BY)H. (2.2) 

II ^ acquires a vacuum expectation value 

and wc inlinduce this vacuum expectation value into (2.2), we find the gauge field 
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X. Introduction 

Prom UcquercFs discovery of radioactivity almost a century ago, the study 

of weak interaction* has matured through a series of well defined stages. The 

most recent of these began in the early 19 NT* with the experimental discovery of 

neutral currents and the theoretical discovery of rcnormalizable gauge theories with 

massive vector bosons. These discoveries led to a study of the neutral current effects 

through & wide variety of processes and, eventually, to a remarkable convergence of 

the data to the predictions of the now-standard weak interaction model of Glnshnw, 

Weinberg, and Salam. 

Last summer, this era of the study of weak interactions ended and a new era 

began. Instead of data dominated by results on effective interactions at relatively 

low energy, we are beginning to sec the must important data come from direct 

measurements of the weak gauge bosons. Instead of measurements to an occur&cy 

in the weak interaction parameter sin 0 w o f I0~ 2 , we can look forward to accuracies 

of 1 0 - 4 . And, most importantly, instead of looking forward lo the convergence of 

all measurements lo the predictions of a particular inodel t wc can look forward to 

the discovery of disagreements between weak interaction experiments, at a level of 

detail that might give clues to new phenomena at higher energies, 

In these lectures, I will review the theoretical concepts needed to understand 

the goals and implications of experiments in this new era of weak interactions. 1 

will explain how to compute the most important order-n radiative corrections li> 

weak interaction processes and discuss the physical implications of throe correction 

terms. I hope that this discussion will be useful to those—experimentalists and 

theorists—who will try to interpret the new data that we will soon receive. 

Of course, these brier lectures can only provide an overview of the the sub

ject. The field of precision weak infractions, like any other area of precision 

measurement, is full of technical complication, fortunately, one has available orig

inal papers of great beauty, beginning with the pioneering works of Sirlin ' and 

Veltman, ' and a number of recent excellent reviews. Among these, the article 
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The mass cigen states are then 

± A'^iA1 g 

II is coiiwiiit-iit 1« define a wcils infraction mixing ingle tf„ t>y 

The standard electric charge is given by 

e = , „ = gsin0w = ycoaffw . 

The formulae above imply the important relation 

2% = « » S * . - (2-4) 

Experimentally, this relation holds to within 1% accuracy, and so it is important to 

understand ils origin. In this analysis, (2.4) would scum lo be a special consequence 

or llic assumption that the lliggs field <j> js the agent which breads SU(2) x £/(!}. 

But it may lt« shown that (2.4) holds at zcroth order in any mode] in which 

llit; fluid which acquires the vacuum expectation value is an isodoublcl, and in a 

cla.su uf more general models, including models without elementary scalar fields, 

characterized by Sikivie, Susskmd, Voloshm, and 2akharov.'' The essential feature 

of these models is the presence of an unbroken SV{2) global symmetry in the 

Higgs sector. Throughout these lectures, I will assume that the Higgs sector is 

constructed in such a way that (2.4) holds at leading order. My analysis will not 

otherwise depend on the nature of the Higgs sector except in Section 5, where I 

will specifically discuss the dependence of radiative corrections of the mass of the 

scalar Higgs boson in the simplest symmetry-breaking scheme. 

Once the theory has been defined in terms of the three parameters g, g't and 

u, one can work out the predictions of the theory fur a whole variety of weak 

interaction processes, 'ihc leading-order predictions for the weak boson masses 

have already been given above. To discuss the interactions mediated by these 

bosons, it is useful to rewrite the basic gauge-covariant derivative (2.t) in terms of 

the mass eigeimiatc*: 

(gA'S + g'D.Y) =~— (H?r + + W'T') 
v«Ainv w 

(2.5) 

In this equation, r* = T 1 ± £r J, / 3 £ is the third comjiotienL of weak bos pin, 

and Q = I + 1' is the electric charge. The photon then couples to the usual 

electromagnetic current. The XV couples to the charged current of left-handed 

fermions 

Ji=~LlpT*L + — = VLit*L + '~* (2-6) 

where fi = | (1 - -)r5JJ" denotes the left-handed compoimLt. The Z° couples lo a 

neutral current of the particular form 

tn which J,, , JJf are, respectively, the weak isospin and electric charge currents. 

The unusual properties of the jj° and the weak neutral current all fulluw directly 

http://cla.su
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Figure 1. Diagrams contributing to effective low-energy weak interac

tions, 

from the chirAllv asymmetric 7,° charge [PL - MTI3 0 t oQ). (I will label tht -eafc 

i^p'.u y 3 / ' henceforth simply as I3.) 

M high energies, the interactions of fcrmion* frith the £ ° and IV currents 

nre tntitle visible in the strength and lingular dependrncc of the weak boson decays 

to the various species. At encrgim well below the £° and \V masses, however, 

p^rimenls probr Ihc cffecl-'c four-fcrmion interaction which results from 2 ° and 

•' exchange This interaction, corresponding lo Ihc Feynman diagrams or Fig. 1, 

can he written in llic compact form 

Ct„ = ^ [.tf'V + ('? - J?™*'.)1] - (2-3) 
Due (o ; ie relation (2.4), tfic prefaetor in this expression is identical for the W 

and ?t rontributions: 

Or _ « 3 _ e* 

Over Ihc past decade, the dependence of this effective interaction on hcltrity and 

flavor has been tested in neutrino and electron scattering processes and found to 

lit- in agreement with experiment to accuracies of 5-10%. The convergence of low-

encrgy scattering data to the standard model is well described in the reviews of 

Kim. H n/.!8' AmalHi. r.t nl.]*' and Costa, r.t c l ( l C ' 

Current and future experiments work at a higher level of precision. To comjwc 

these to theory, w e must replace llic lowest-order relations that I have quoted 

eo far with more complete predictions which take into account ordcr-n radiative 

corrections- It is necessary to work out carefully bow each of the relations I have 

written between underlying parameters and obserw*•''•» is altered by radiative 

effects. Already, though, wc can understand the basic features that will emerge 

trom this program of calculation. 

Because *he lowest-order relations contain three free parameters—g, g\ and 

v—one must make three high-precision measurements to determine the predictions 

of the theory. Only the fourth measurement can give a sensit, vc test. Before this 

past summer, only two standard model obscrvablcs were known m'th high precision. 

These were the value cf the basic electric charge 

ai*(l37.0359695{6]))- 1 , 

obtained from precision QED measurements such as the electron {g - 2) and from 

the measurement of the Josephson effect, and the value of the Fermi constant, the 

prefactor of (18) , 

GF = 1.16637(2) x 10- 5 (GeV)" 2 . 

obtained from the muon fife time. Now, however, experiments at SIC and LEP 

have reported a very precise value of the Z° mass 

m / = 91-150(30) GcV. (2.10) 

This corresponds to A precision of 3 x I0~ 4 . Future experiments at LEP might 

make further small reductions of the error. AL the same lime, these experiments 

and those *t the pp coilrdcra praminr the prrcisjon measurement or additional 

quantities—the W man and Ihr angular and polarization asymmetries of 2° 

decays—will finally allow the standard mode] lo he put li> a alriugcnl test. 



On tttc other ha.ni, 'he standard model in./-' :ii\y contains iiia»y parameters 

which do not appear explicitly in Die lowest-order relations. These include the 

(juark and lepton masses and the masses and coupling of Iligga bosons. These 

Addition at parameters affect the size of radiative corrections and thus influence the 

precision comparison of weak interaction ex peri incuts. This adds some uncertainly 

to the predictions of the standard model, Hut, conversely, it allows us to view 

these com pari sun s as window* into the content of the standard model, illuminating 

properties of heavy quarks and the Higgs sector which are other wise diHiciitl to 

view experimentally. 

-7 

3 . TJJC Z° Resonance JJjie-Shape 

Elcforc beginning a general analysis of higher-order weak interactions, 1 would 

like to discuss the specific problem of the Z9 IJUSUJL mass measurement in c*t~ 

annihilation. Since the Z9 creates an cnormoiu; resonance in the e + e " total cross 

section, one can measure the Z° mass at least roughly by locating the peak of 

this resonance. Howevert the shape of the resonance is distorted by radiative 

corrections, and thii effect must be understood louse the position of llip rtsunatici: 

in a precise determination of weak parameters. In this section, I will discuss the 

physics of Chit effect. 

0 1 - T H E Z% RESONANCE AT LEADING OMJEH 

It is a standard exercise to compute the cross section for e+t~ annihilation into 

the various species of fcrmian pairs. Since Lh.» will be a useful starling point fur 

our analysis, let in* recall the bask formulae, at ]vasl iu the limit where the various 

fcrtnion masses can be neglected. In ibis limit, frrmion lielicity is conserved in the 

couplings of fcimionj to gauge bosons. Thus it is iriost convenient to (jnt.Uj the 

cross sectioni Tor e^e" states of iMinite fieiidty (*£ '* or tZct) In auirihiiaic lu 

new fcrmions of fixed helicrty ( / i7 ( t °* fttllS- These polarized cross tcclioiu arc 

c { t * t - / / ) = - 5 7 -

I ( f . > - q . « i n ' * , ) U ? - q * " " , y . ) Z -s I' { 3 l ) 

where / ' and Q dcnDtc the weak iscapin and electric charge or the friiiHons HIVOIVLI] 

lfi writing (3.1), 1 have Set the imaginary part in the denominator to (sl'zftnz) 

rather Chan tfte more usual {mzXz). This reflects the fact that the imaginary part 

arises as the imaginary part of a loop insertion ill the Z° propagator, as shown 



in N M J 

Figurr 2. Frymnan diagrams whose nimmaticm produces Uie ftTfit-

Wifjnrr driioiniiiMor of llir Z° propagator, 

ill V'%%, 2, T1H' l<M>p diagram <r<intain* no heavy mawes and is proportional to 9. 

This product* a mitiar kinwialiral perturbation or the Z° raotiatKC. 1 have also 

jntrodnrrd a rrnormijizjiiion factor ~2 into Ihe 0 ° propagator. This factor will 

remain very rlusr to 1; it* origin will lw disrupted in 5«liori 5.7. 

TIIP toLal cross section for r + e~ annihilation is buill up out ol the hcHrily crow 

srrlinns according to 

"***-'2HT, «i*+'--*ff)-fy. (3.2) 
r«ii / 

The factor Nf dcriotrs thr efftetivp numhci ol species of flavor / : Fos leptons, 

Nf - 1; for qitatks, Nf = ,1, plus the enhancement due to <JCD. More precisely, 

for quarks. 

Nj = 311 + — + ...) ~ 3.12 i .01 at a = m\ , (3.3) 

con^ponding to o,(m^) = 0,12 ± O.Dl. Figure 3 showa the total crow section for 

f + r ~ annrhiiation to hadrons predicted hy (3.2). 

10 2 i r 

3-90 

40 60 80 100 120 140 
Ec.m. («eV) 6 5 B 1 W 

f-lfuirc 3. Total crow section, in unit* of R, for c*> annihilation to 

hadromt and to mnon pa in . 



Tlic helkity-depcndencc of the annihilation cross section also gives rise to asym

metries in fmniuti pair production, Tlie forward-hack ward asymmetry r {iven by 

A _ ? ("(*7 - 1 fd + "t'R -* fRK " < g t e * "* f*) + g ( e « - ^ .341 

The polarization asymmetry, heLween the crosu suctions of left- and right-handed 

electrons, may he computed as 

I will evaluate these formulae using the Za mass given in (2-10) and the fol

lowing Values for the other parameters: a = 1/129, sill 2 0m = 0.235, Z = 1.01. I 

wiil defend these latter choices in Section 5.7. The dependence of these asymme

tries on energy, over a wide energy range around the Z resonance, is shown in 

Figs. 4 and 5. The leading-order values of the total cross section and the weak 

asymmetries just in the neighborhood of the ZQ resonance arc shown in Figs- 6, 7, 

and 8. Notice that, just at the Z° resonance, the polarization asymmetry becomes 

independent of the rm&l-statc flavor and simply represents the asymmetry in the 

left- and right-handed electron couplings to the Za boson. 

Epilation (3-1) predicts that the Za resonance has a simple Breit-Wigner form: 

^ |s - m J + isrz/mz | 
where the zeroth-order peak cross section is related to the loUl width and the 

partial widths into initial and final channels by 

„ Url'(Z B-.«t.-)r(2«-.//) 
"ft - rr ps • (31) 

The various partial widths are given by 

r£-^ . , " " ' , . Ynl}-Q,A?B.f.H,. (3.8) 
osin flu, cos'6& ~ ' 

The prefactor Z is the £ ° propagator rcriormalizalioii from (3-1)- Evaluating these 

m 

_l i 1 > 1 > 1 i 1 ' 1 
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Figure 4. For*" *d-ba*kward asymmetry Apg for e + e~ annihilation la 

charged Icptoua, u ^.^**dt and J quarks. 
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Figure 6. Total cross section for e + e~ annihilation in the vicinity of 

the 2 a . to leading order in a. 
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Figure 7. Forward-backward asymmetries in e+e annihilation in the 

vicinity of the Z°, to leading order in a. 
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Figure 8. Palviution asymmetries in e+e annihilation in the vicinity 

of the Z°t to leading order in a. 



formulae using llu* param-ir-tr li-v.'u below (3.5), w<? find the following the partial 

wUUh for each frtmion species: 

c,ji,r: 83McV 

iV.i'jiii'r: 166 McV 

u, r: 294 McV 

ii.j.fc 381 McV 

nj.ikiiip; up a total width of 2.4R GcV. 

3,2. THE GKNEFlAl, INFLUENCE Or RADIATIVE CORRECTIONS 

Now that we liAVr constructed n precise picture of the Za resonance according 

to the lending order expressions of the standard model, wc may ask how this 

[liclurc is changed by radiative corrections. It is useful to think that radiative 

corrections produce two distinct effects: First, corrections to the Z° propagator 

mid vertex shift the parameters or the resonance—the mass, the width, and the 

peak cross nrction. Second, concretions producing radiation from the initial electron 

and positron change the shape of the resonance by smearing out ihe peak toward 

higher energy. 

At some? level, these effects blend into one another; however, the most impor

tant radiative corrections can be separated into two distinct classes. Let me label 

the diagrams shown in Fig. !)[.%), the diagrams for real photon emission from the 

initial electron and positron lines, and the virtual photon diagram needed to can

cel their infrared divergences, as 'soft' radiative corrections. These diagrams: are 

essentially QED effects, since the typical momentum of virtual lines is much less 

than m / . tat mc label the diagrams shown in Fig. 9(b), the diagrams involving 

Za propagator corrections and the weak interaction contributions to the vertex, 

an 'hard'. In these diagrams, the typical momentum of virtual lines is of order 

in2, so that weak and electromagnetic contributions appear on the same footing. 

As the figure suggests, the hard radiative corrections give renonnalized resonance 

parameters which provide the input to the calculation of the smearing t f the peak 

(b) tat At 

Figure 9- Classes of diagrams contributing to the shape of the Z° res

onance: (a) 'soft1 radiative corrections discussed in Section 3; (h) 'hard' 

radiative corrections discussed tn Section 5< 

by radiation. In this section, 1 will treat these resonance parameters as fixed and 

discuss the effect of radiation in determining the Z° Hoc shape. Wc will return to 

the hard contributions, and determine their effect, in Section 5. 

3.3. S O F T RADIATIVE CORRECTIC • ORDER a 

At leading order in a, QED affects the Z° resonance through the diagrams of 

Fig. 10. The evaluation of these diagrams leads to the famous Bonneau* Martin 

formula1 for radiative corrections to a narrow resonance. In quoting this formula, 

I will drop the contributions from vacuum polarization diagrams, for example, the 

last diagram of Fig. 9(b); As that figure indicates, I will include these later with 

the hard corrections. 
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Figure 10. Q15D corrections to the Z° line shape, in the leading order 

in a. 

The first two diagrams of Pig. 10 produce (lie following correction to the total 

cross btclion: 

AD(.)= ifdz [^ (l»S^| " l) ( H | I , " , | ' ) ] " W - ' ) ) - <39> 
0 

The quantity in brackets is j«isl the Wei szackcr* Will Lams radiation spectrum ex

pected in any electromagnetic scattering process; tbc variable x is the photon 

momci'Lum fraction: T = £/£>, where k is the photon momentum and E i* the 

election heam energy. The actual e 4 e " annihilation takes place at the reduced 

ccni'-'iof-m is energy given by i = s{\ ~ x). The integral in (3.9) diverges at 

the limit x -» > This is a standard phenomenon in QED; the divergence can be 

removed by perk,, ing an analysis to all orders in ay but, more simply, it cancels 

in the total cross s«. ->n at any given order. I-cl us temporarily control it by 

introducing A fictitious L ton mass Ar which gives an artificial foiver limit to the 

integral. The divergence a x -* 0 is cancelled in the total cross section by the 

contribution of the third diag» i of Fig. 10, which diverges as 

- 2 - 2 T ( ' ' * ^ - , ) ' 2 ' , * X " ' a W ( 3 " ) , 

for small A. Collecting the tu. ^Qntributian from the three diagram*, we find 

ff|D[(j) = 

1 (a.n) 
• dx 

XfE 

which is finite in the limit A -» 0. 

The Bonncau-Martin formula (3.11) is compared to the zerolh-ordcr 2° line 

shape in Fig. 1L The correction is forma',ly or order u but, cvwi after the can

cellation of infrared divergences, it \" enhanced by iw» largir logarithms. First, 

there is the logarithm from the Wciszaelcr-Williams formula, which implies that 

the strength of the radiation is given by the dimension less parameter 

0 = — (•*>*-% — 1)1 , = 0 . 1 0 8 . (3.12) 

There is * second logarithm which arises from the fact that the two lines of (3. J J) 

are mismatched when a is OD the resonance but s(l — z) is not. The full size of the 

correction is then 

- * M o g ^ = - 0 . 3 9 . (3.13) 
t z 

This is indeed a very large correction; it indicates that wc must compute to higher 

order in a to understand the Z° line shape quantitatively. 

3,4. MULTIPLE PHOTON RADIATION 

The systematic calculation of QED diagrams to the next order in or is a very 

complicated task. To make « precise analysis, one must of* course perform the 

complete calculation.. However, it would aid our understanding more to isolate 

those contributions wlich axe producing the large corrections, understand their 

origin, and sum them up, if possible, to all orders in a. 
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Figure tl. The cffWl of order a initial-state radiation corrections on 

Itic 2a line shape, Theorder a curve is computed from {3. LI). 
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Why is the QED correction so large? The problem is not with the size of 

a, which is as small as one could wish; rather, it Is that a is enhanced by large 

logarithms. In quantum field theory, large logarithms always have a physical origin; 

they arise when one compares quantities with two very different, characteristic 

energies in an indelicate way. By understanding the origin of the large logarithms, 

we can see how to tame Ineiru 

The identification and A u mm at fori of targe logarithms is a major part of our 

understanding of pcrtiirbative CJCD- Let me give two examples. Consider first 

the QCD correction to the total cross section for e*e~ -+ hadrons, given by the 

diagrams of Fig. 12(a). In these diagrams, all particles have typical momenta of 

order the electron beam energy. Since all momenta arc at the same scale, no large 

logarithms should appear. Indeed, the standard QCD refill for the total hadronic 

cross section is 

The term of order ot has no large logarithm. The next term in the expansion does 

have a large logarithm if a, i* defined at a scale ft very different from a, to account 

for the scale-dependent ^normalization of this coupling constant. The related 

process of Drcll-Yan production of electron pairs, pp -# e + e ~ has an additional 

compMcation. In this process, as ,i result of the diagrams shown in Fig. 12(b), the 

quark and antiqnark which annihilate have typical transverse momentum of order 

\ ^ , wh«o q is the momentum of the virtual photon. The amplitude for a quark 

in the proton, with typical transverse momentum 300 McV, to give rise to such a 

highly virtual state contains powers of the logarithm of the ratio of these transverse 

momentum scales. The tffTcct of these logarithms is to produce an evolution of the 

quark distribution in the proton with log9'; this evolution is just that described 

by the AltaxcEli-Paiisi equations. 

The problem of computing the Z° line shape is the QED analogue of this lat

ter situation. The large logarithm* in (3.13) appear when we relate the off-shell 



Figure 12. Two examples from QCD of the summation of large loga

rithms: (a) e + e~ -• hadruns; (b) pp—*• c + e~ . 

electron which finally annihilates into the Z° to the onshcll electron from which 

the process begins. To control these logarithms, we should reinterpret (3.11) as 

Hie first step of an evolution process by Which the virtual electron emerges from 

the external electron. This strategy for calculating the Za line shape was first ad

vocated by Fadin and Kuracv; J However, it should be noted thai these authors, 

and also Altarelli and Paris i, took their inspiration from the QED evolution equa-
[191 

tioi, constructed by Grtbov and Lipatov in their classic work on deep inelastic 
scattering. 

Let Dt{zys) be llic electron distribution function, the probability that the 

annihilating electroti has fraction z of the original beam energy. If thcte is no 

radiation from the initial electron, we would have 

D.W = *(*-!) . (3.15) 

Order by order in a, this result reer>"cs radiative corrections', f wlU now argue 

that {3,11) may be interpreted as providing the order a correction to (3.15). In 

this re interpretation, we view (3.11) as a step in a process rather than as a simple 

correction; this will allow us to represent this process by an evolution equation 

winch will generate the most important corrections to all order. 

To make this ^Interpretation of ( 3 H ) t lei us divide this cquatiun into three 

parts. The second line of the equation represents the effect of radiation in moving 

electrons and positrons from the full energy to an energy fraction ( 1 - T ) < Assigning 

half of this contribution to the electron and half to the positron, we may represent 

As electrons radiate photons and move to lower energy, we should expect to find 

fewer electrons at the full beam energy. The fractional depletion should be found 

by integrating over x the probability of radition to energy fraction (1 - x): 

XfE 

Indeed, (3.11) contains exactly this depletiont in the term 

Aa(s) = - # l o g j - j)«rn[*). (3.18) 

The magnitude of (3.18) is double that of (3.17) in order to account the effect on 

the electron and on the positron. We have now given a physics' interpretation to 

most of the pieces in (3.11). The only pieces of (3J1) not included in the above 

accounting are the terms 

A a ( 3 ) = ( l + ? = ( £ - j ) ) at>U) ; (3.19) 

these last terms give a correction to the e + e~ annihilation vertex which is explicitly 

of order a, with no enhancement by large logarithms. 



TIIP l*nlrnm(3, l6)*nd (3.1ft) miiy be considered aa the contributions of first 

<>r<lrr in ft l« an evolution process in which ar electron radiates and moves down 

to lower rnergy fraction, Thr evolution parameter in 0t and thus the evolution 

progresses further the higher the energy or the further the electron must go off-

shell. \\V may assemble the two pieces M the kernel of an integral equation for 

0 

Tin* Hiiblraclrrl term depletes the electron distribution at the higher energy, the 

Weijrsjirkrr-William term fills in the distribution of electrons after radiation. Doth 

lernw we singular at T = 0, and, though this singularity is difficult to write 

mathematiraHy, it is easy to describe and implement in a computation. After one 

cuts off the divergences i i some way, the coefficient A is fixed by the requirement 

that c/ic total probability does not change: 

jd:Dt{2y*)=lt (3.21) 

for any value of A, 

In QCD, we have no explicit solution of the evolution equation for quark dis

tribution*. In QF.I), however, the situation is much more promising. First, the 

inilij,1 condition for the evolution equation is known: at 0 = 0 t De{z) reduces to 

the ili'lu funrtinn in (3.15). Second, the evolution parameter 0 is still rather small 

al the J?°, no we ran imagine solving the (3.20) in an expansion tn 0. 

Wr ran obtain a good first approximation to tlic solution by concentrating on 
the rrgion near z — I. Let us try as an ansatz 

»! 0 ,(*,*)=f(l-/)" J-' . (3.22) 

This function satisfies (3.21) and contracts to a delta function at z = 1 when 

0 - i 0. Its derivative is 

^f f lS" = ^log(l - , ) . < ! - . ( " • - ' + i ( l - ')«"-' . (3.23) 

The most singular teem ot the integral in (3.20) is 

iTr^v^- < 3 2 4 ) 

i 
In writing this expression, I hnvo cut off the integral at a lower limit J;. Inserting 

D\ into this term, and approximating near z = l t wc find 

f 

The logarithm of (1 - t) matches the desired form (3.23); the logarithm of n is a 

reseating of (Fie original distribution function and so is naturally can eel fed when A 

in (320) b thosen to preserve the normalization of £><(*). In fact, since D?\z,s) 

satisfies (3.21), the correct choice of A will reproduce the second term or (3.23). 

In this way, we can sec that the function £>i°J(z.j) actually gives the correct 

dependence on s in the limit r - t 1 and thus Is a good first approximation to the 

exact electron distribution. 

Fadin and Kuraev began with this function as a first approximation and sys

tematically computed corrections to it as a scries in 0: 

0.<*..")= j O - * ) I " I - , < 1 + \ff) - j « I + *) + ••• . (3.26) 

The distribution function (3.26) is displayed, and compared to the Weiszackcr-

WitUams. distribution, in Fig. IS. An exact evaluation of the distribution function 

Dt{z) would al*D include effects of pair-production (Fig. 14), which require addi

tional terms tn the cvolulinn equation. Ti>e first such contributions are of order a z 

and so are omitted here, though they may be found in Kef 18. 
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Figure U. An additional contribution to the electron distribution func

tion from pair-production. 

To compute the Z line shape, we must compute the cross section as a function 
of s, given this distribution in energy fraction for the electron and position. That 
is, 

I • 
o = Jdz, D.[z,) jdzi f ) , ( j 2 ) <T°(i) , (3.27) 

« o 

where i = itfzs. It is useful to work out more explicitly the distribution of the 

effective electron-positron collision energy. This may be described by computing 

• l 

y rfti D.M jdz, D,(zi) o((l - *) - z,z,) 
' o (3.28) 

= / J , C - ' ( l + | « - ^ ( l - | ) + . . . 

In (3.28), I have inserted t to represent the fraction of total radialed energy. Using 

the distribution (unction in z, and restoring the order-a correction to the annihi

lation vertex written in (3.19), we find the following formula for the ridiativcly 

corrected cross acction: 

. - | * [ / h » - ' , l + |fl_W_|)].[, + fe(J_ »)]„«,_,„. 
(3.29) 

One might view this as in improved version of the Bonneau-Martin formula (3.11) 



in which the logarithms arc exponentiated to powers of x. The formula (3.29) 

is compared to the wroth- and first-order approximations to tlin crowi section in 

Figs. 1.1 and IB. C&hV30' has pointed out that the integral over x in (3.29) can 

hi . rtrrl-d out an.-\lvtiral|y for a Breit-Wigntt.«- lance, and the resulting formula 

has IHH-.I useful in analyzing data on the shape of the Z° resonance. 

In thr past few years, there has been cor*.) dor able further theoretical effort 

(o refine the catailalio" to QKD effects on the Z* fine 'jape, Fadin and Kuracv 

actually carried out this analysis to order a*. The completeordcr-a corrections 

to e + r~ -• fi*n~ have been computed by Bcrcnds, Durgers, and van Neerven. 

Other higher-order analyses have been c%tticd out by many authors and arc re

viewed by He rends in Kef. 22. A useful comparison of calculations of the Z° 

line shape at various levels of approximation has been given by Alexander, Bon-

virini, Drell, and Krey. Their results (computed assuming mz = 93 fieV) arc 

reproduced in Tig. 17- These authors estimate the theoretical c.rors in the ex

traction of the mass, width, and peak cross section or the Za arising from residual 

uncertainties in this calculation at well below 1%. 

3.5. EXTRACTION OF THE RESONANCE PARAMETERS 

Since the QEI) radiative conations broaden the Za peak and smear it asym

metrically, it is nut useful to quote the resonance parameter* in terms of the ob

served peak position JV the visually extracted width. Rather, one should para-

rnetriM a zeroth-order cross section in terms of a resonance position, width* and 

prak height, integrate If)is cross section together with the effects of radiation by 

inserting it into (3.29) (or a higher-order formula for the soft radiative corretions), 

and compare the result to the data. Since (3.7^) does not include hard radiative 

corrections, the effects of these corrections will be included in the fitted resonance 

parameters. These effects must be taken into account in comparing the extracted 

parameters to other weak interaction measurements and to deeper theoretical pre

dictions. 
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Figure 15. Total crow section for e"*e~ annihilation to hadrons in the 

vicinity of the 2 ° , computed in zcroth order, first order (eq. (3.11 J), and 

from the Fadin-Kuraev formula (3.29). 
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Figure 16. Magnification of Fig IS in the vicinity of the 2° peak. For 
each of the two radiative correction formulae, I have indicated the shift 
of the location of the peak and the decrease in the peak height from the 
zero' order valuf. 
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To show the utility of this theory, have displayed in Fig. 18 a calculation 

<>{ Oir total cross section for c + e ~ annihilation to hadrons in the vicinity of the 

7,°r obtained by inserting (3-1), with the parameters used in Section 3.1, into the 

radiative correction formula (3,29). The result is compared to the recent cross 

section measurements of the ALEPH experiment! The mass of the 2° has, of 

course, been obtained from fitting such a curve to the data; however, the peak 

height and width of the Z° have been calculated from the standard model. The 

detailed agreement of theory and experiment for the line shape is quite remarkable. 

In addition to its effects on the resonance line nhape, initial-state radiation has 

other important cfTccts on weak interaction experiments at the J?*. In experiment* 

which depend on specific exclusive final states, the effect of experimental cute 

may he modified by radiation. For example, in the measurement of the forward-

backward asymmetry in e + e~ - • / J + / I ~ , a strict cdlincarity cut change* the shape 

of the Z° rcsonAjirc slightly by suppressing its tail The value* of uy;.^ielrica 

im-i^uicd at the Za peak arc affected by the smearing of the e + e " annihilation 

energy which arises from radiation. In Figs. 19 and 20, I have redrawn the ploU 

or ApB and AIR versus beam energy taking into account the effects of ra, >."tion 

by computing the various helicity cross sections using (3.29) before forming the 

asymmetry. Notice that the various quantities Am u e relatively weakly aft-cted 

by radiation, Hut that IIJC forward-backward asymmetry in e + e ~ - • f i + | i~ is very 

strongly perturbed. This effect was pointed out by Bohm and Hollik ID rcf. 24. 
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Figure 18. TaUl « o » section mtuuiemmL" on the Z° ucak reported 

by the ALEPH experiment,' ' compiled to the line shape computed from 

(J.29). 

-89 -



0.4 

0.2 

m 

-0.2 

' 1 1 1 ' 1 ' ,--' 1 1 

7 i 1 . l i l t 
88 90 92 94 96 

•cm. (GeV) 
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nance, computed at k n m i order (daahed curvo) and including soft radia
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4. Extension of thr Weak Interaction Gauge Group 

Now that wc have wen how to obtain the values of the Z° resonance param

eters, tve should analyse the implications of the values of these parameters for 

the standard model and it* variant*. In principle, any particle which couples to 

$tf[2) X f/(l) ran appear in loop diagrams correcting the weak bonon propagators 

and vertices and thus can modify the leading-order predictions of the standard 

model iti oftit-r n P In the next section, I will discuss such loop correcVon* in a 

systematic framework. However, it is possible—even with our prevent detailed ex

it crimen tal knowledge—that the gauge group of the weak interact knit is somewhat 

larger lli^n that of the standard model. In this case, one expects variations from 

the standard model predictions even at leading order in a. In this section, I will 

briefly discli" the effects of a new heavy weak boson in modifying the properties 

of llic Z° resonance, 

4.1. AN EXTENSION FROM £< GRAND UNincATlON 

If then- does exist a second weak veelor boson Z*',)labouM mix, at some level, 

with the uliuidard 2°. This mining will induce a modification of the xerotb-ofder 

Z° current; instead of (2.7), thr physical Z% will couple to a rotated current 

il - m ^ l J j * - f i i i 'sViyj + « n * ^ f . (4.1) 

where the second term if the current of a charge Cf which is orthogonal (in some 

extended space) to the SU{2) x {/(J) charges of the atajidard model. This addition 

will cause modifications of the Z° asymmetries and partial widths. These mod

ification* arc independent of the mass of the Z * f depending only on the mixing 

angle 0m, Of course, they also depend on the explicit form chosen for <f. 

It would be wonderful to understand the systematic* of the effect of the mod

ified current (4.1) for the most general charges Q1; however, I do not know how to 

present such an analysis compactly. Instead, J r/ill restrict myself to a specific claw 

of models which have been used by many authors as a laboratory for exploring the 

effects of a Z*'. As is well known, grand unification in 5(7(5) contains precisely the 

gauge bosons of the standard model, plus additional heavy bosons which mediate 

proton decay. However, this grand unification group may be extended to 50(10) 

and further to £*, producing at each stage one extra neutral boson whose rharge 

commutes with the standard model gauge group. These bosons, or at b™i some 

linear combination of them, might well have a mass in the region of a few hun-

dred GeV. LAflgaeker* Robirtett, and Kosher have presented a spnrific scheme 

in wh^ch they consider one arbitrary linear rombination of these Inn addition neu

tral bosons to represent the 2**. The linear combination is characterized as second 

mixing angle #, which is essentially mi constrained- This leads to a family of models 

with 

^ = s i n * . f c « # ~ x + . i r i # ^ v j - (4.2) 

In this formula, \ and •> are quantum numbers, which, tor the various species of 

fermion, take the values 

(*.=)£ <A <«*•)£ M *R 
X 3 I - 1 1 - 3 

t> 1 - 1 1 - 1 - 1 

{A transparent derivation of these quantum numbers from fk may be found in 

Ref. 26.) By adjusting the parameter 4* in (4.2), we can sweep through a variety 

of structures tor the Z * charges. This gives some robustness to this scheme of 

phenomenology. 

1 should note that there are strong experimental constraints on the size of the 

mixiag angle #». For most values of 9 (cosf > 0 ) t low-energy neutral current 

experiments restrict 0m to roughly the range —0.05 < 9m < 0. The precise allowed 

regions, for some specific choices of #, are displayed in the papers of Amaldi, tt*/., 

Ref. 9 and Costa, tt *I , Ref. 10. 

In addition, the recent precise measurements of the W boson mass by the 



CDF and UA2 collaboration*' ' put a further, and rather model-independent, 

constraint on Cm' It is expected that a second charged weak boson cannot appear 

with a mass below a few TeV, aince otherwise it would give a Large enhancement 

of Ki-h's mixing! Auuming, then, that there ii no new light W, the maaa of 

the W should be unperturbed from i l l standard model value, while the maaa of 

the Z° is affected by mixing with the Z". The unperturbed maaa of the Z*, mz,, 

may then be recovered from 012, mz: and the mixing angle *«i uiing the simple 

properties of two-level mixing. One finds: 

ml,, = m\ coa 5 # „ + m | . sin* l„ . (4.3) 

The value of inzo obtained in this way must be related to the mer/>-<red value of 

hiiy through the usual standard model calculation (reviewed in Section 5.6). To 

understand litis constraint, 1 have taken the average of the CDF and UA2 values 

<if mu/: 

mw = 80.22 ± 0.3S GeV , ' (4.4) 

raised the value by 1 o, computed the corresponding unperturbed Z* mass aa 

described in the next section, and plotted in Fig. 21 tbe contour in the plane 

of s in# m versus tnz' along which this calculation agrees with tbe value of mzt 

from (4.3). The region inside the contour is allowed at probable confidence. This 

constraint turns out to be quite sensitive to the value of the top quark mass, since, 

as J will explain in Section 5.6, a hcr.vy top quark tends to decrease the Z-W maaa 

splitting. This method for constraining l m was introduced by Langacker in Ref. 

29; he pointed out there that this same crmttTaint is an upper bound on $m in 

models wild several Z"'i if m p is taken to be the mass of the lightest Z*. 

A second effect of the mixing between the Z* and Z*1 is a change in the 

relation between mz and tbe value of s in 2 9m which enters the prediction of the Z* 

resonance cross sections and asymmetries. In the results of tbe next section, 1 have 

taken this effect into account by computing razo from (4.3) and using this value to 
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cxtrnrl Bin'ffB, assuming m;< = 500 GeV. This correction b u only a minor effect 
on those calculations. 

4.2, OflSERVABLE CONSEQUENCES OF AN EXTENDED GAUGE GROUP 

Now that we have defined a model with extended gauge symmetry, let us 

compute the effects of this model on the properties of the Z*. Cvetic and Lynn* ' 

have suggested that the Z% asymmetries are particularly sensitive to the mixing of 

the Z° with a £°'. More recently, Altsrelli and collaborators*"1 have sketched out 

a systematic program of experiment* to search for the effects of a Z*1. My analysis 

will concentrate on the simplest observable* that they discuss. 

IfT for each left- or right-handed species, we let 

QZ . c « M / , - 0 « n 3 M + ««*-QF (4.5) 

the relation (3.8) for the Z° partial widths is modified to 

From this equation, we can compute the 2croth*order peak cross section of the Z* t 

using (3.7), and the polarization asymmetries into various species, ufing 

,/ _r(z-*/J7«)-r(z-/i,7t) ( 4 7 1 

"" - r<z - / j . )+r(2 - Mi)' ' ' 
On the Z° pole, the forward-backward asymmetries are given by the simple rela
tions. 

*«<«+«--/7) = f *!*«£*. t«) 

In comparing the predictions of models with extended gauge group* to experi

ment, it is important to compute quantities which are directly observable, avoiding 

•i 

» much as possible the necessity for using standard model calculations of unmea

sured quantities. For example, since the partial width of the 7? to neutrinos 

depends on the mixing with the Z°\ one should compare the directly measured ra

tio of kp tonic to hadronic branching fractions of the Z9

i rather than using I fir 7? 

branching fraction to leptons, which is inferred from this quantity by adding the cal

culated neutrino partial width to the denominator. In this spirit, I have considered 

the effects of the ZWI on four of the most accessible Z9 resonance parameters—the 

zeroth-order total hadronic erne* section, the total width of the resonance, the 

ratio of leplonic to hadronic branching fractions, and the polarization asymmetry 

from e + e ~ . In Figs. 22, 2-1, and 21 ,1 have plotted these quantities, against one 

another for f>*/2) < # < {r/2)r for the values 8m = -0.01, - 0 0 2 , -0.03. The 

standard model reference takes, obtained for m, = 100 GcV, tn/j = 100 GeV\ 

A«(m|) = 011 ± 0 01, is indicated by the stars. The lines through these stars 

indicate the variation of the standard model prediction as mt is varipd from 50 to 

200 GeV. This dependence will be discussed in detail in Section 5.7. Notice that 

observable* involving leptont are particularly sensii: .c to Ihe effects or a Z9', since 

the couplings of the charged leptons to the standard 2* are relatively weak. The 

standard and nonstandard predictions are compared to recent measurements from 

LEP. It is clear that measurements at the Z* will soon dramatically constrain, and 

may perhaps discover, the influence of •<-. Z**. 
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Figure 22, Effect of Z"-Z" mixing on the rapport between the Z* peak 

hadronic cross section and the ratio of leptonic and hadronic branching 
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mi = 100 GeV. The mi effect was included in Fig. 22, but il was almost 
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5. I lcnormalW.at ionotWeak Interaction Parameters 

For the remainder or thrse led arcs, I will assume that the standard Stl(2) x 

1/(1) model is the correct picture of weak interactions at zcrolh order. However, 

the new precision experiments make it necessary to compute order a radiative 

corrections in order to allow a detailed comparison of theory with experiment. This 

gives us an opportunity to use these radiative corrections to probe the standard 

model in detail, and even to look beyond it. The opportunity comes from two 

sources. First, the typical tiic of radiative corrections is po longer a small number 

in the era of weak boson experiments. Indeed, 

~.mz~ 100 MeV, (S.1) 
4jr 

an accuracy already reached for the Z* mass and soon within reach for the IV mass. 

Second, as I will explain in this section, radiative corrections from specific sources 

are often larger than lhi« simple estimate, as a result of the essential chirality of 

the standard model. These two points apply equally—and the serand may apply 

even more strongly—to radiative corrections due to undiscovered heavy species. 

In this section, 1 will review the theory of these ordern corrections to weak 

interaction parameters, the corrections which 1 termed 'hard* in the discussion of 

Section 3.2. I will explain how these corrections may be calculated and how they 

influence measurable quantities. The effect of the top quark in weak radiative 

corrections is particular easy to understand. Since its influence is large and also 

quite topical, I will use this effect as my main illustrative example. 

5.1. RENORMALIZATIOII OF n 

Tbe prototype of hard radiative corrections is the electromagnetic vacuum 

polarization. I>et us begin by studying this correction, which gives a momentum-

dependent (enormaliutkxi of the electric charge. This correction provides a con

ceptually simple renormalization effect to introduce our program. It also has some 

practical significance for precision calculations in wea's interactions. 
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Figure '25. Conventions for the electromagnetic vacuum polarization, 

I will define lite electromagnetic vacuum polarization HQQ(<J*) •» the coefficient 

of gMr in the photon self-energy, u iruiiraled in Fig. 25(a). I have extracted from 

Uqq the coupling constant e 7; thioughe-ut this section, unembellished coupling 

constant!* c, y will refer ID ban parameter* from the standard model Lagrangiaa. 

The full kinematic structure (o'"r — fl/V/o,2) follows from the conservation of the 

electromagnetic current. Since the photon self-energy h u no zero-mass pole, we 

must have UQQ >** q7 as q* -* 0. Then it is convenient to define 

'W>=^- (5.J) 

(In textbooks on QED, it is [<2\)'QQ) that ii usually called the vacuum polarization. 

My notation differs From thit in order to treat vacuum polarization diagrams for 

the photon and the heavy gauge bosons cm the same footing.) 

If the photon self-energy corrpctiona are summed up to all orders, u suggested 

in Fig. 25(b), one finds the complete photon propagator 

^('^•^-••k-^-jrdb- (5.3) 

The form of this equation suggests that we should define a running cite trie charge 

• f r '^ i -^r t - ( 5 4 ) 

The value of a measured from the electron (g — 2) or the Joseplisou effect is the 

coefficient of \(q2 in the photon propagator at q7 = 0; (hat is 4*a = c\(q7 = 0). 

Replacing the hare coupling constant e by a using this relation, and alio setting 

4rat(q2) = t]{q2)t we have 

i^b) = ^-l"W»J)-»Wi)]- <«) 

The vacuum polarization flgg due to a fcrmion loop is ultraviolet divergent; how

ever, this divergence cancels in the difference of vacuum polarization amplitudes 

which appears in (5.5). This equation can thus be the basis for concrete physical 

prediction*. 

It is interesting to use (5.5) to compute the change in the value of the effective 

electric coupling a* q2 change* from 0 to m^. Lei us approximate 1\QQ, fur each 

fermion flavor, by the simplest 1-loop diagram, and evaluate this diagram in the 

limit m\ » m2. (J will present a more general formula m the next section.) This 

gives 

^ p - ^ - r ^ ^ i . c * | - | , (5.0, 

•here Qj i i tlie electric charge and Nf i i the factor (3.3). Evaluating this ex

pression for the various quarks and teptoos (tiding current algebra masses for tlic 

quarks), we find 

c p i u d s c b 

masa(McV) OS IOC I7S4 5.5 S 150 1200 5000 

A ( o r ' ) 2.4 1.3 0.7 2.5 0.6 0.4 1.0 0.1 



so that in all (T~' - o 7 ' ( m ^ ) -*8. A more Accurate estimate, presented just below, 

give* a.G% upWArd renorirlAjizalionofa. Intuitively, one would expect that it is the 

value of a at m | , rather than at 0, which should enter the evaluation or standard 

model predictions for the weak boson muws. For example, the relation between 

the Fermi constant and the W mass, in leading order, is 

sfi 8siti»*VnJr * x ' ' 

If rt.("4) '* UN"A in this relation instead of a to compute mw from (?Fi trie 

prediction for WH/ is shifted upward by 3%. Almost ten yew* ago, Marciano and 

Sirlin ' showed by detailed calcuation that this large shift indeed appears in 

llic standard model radiative corrections to mtv-

Since the clcctromafnelic vacuum polarization is such an important contribu

tion to weA interaction radiative corrections, it is worth a digression to explain 

how it may be evaluated more exactly. Our estimate above was adequate for the 

lepton*, but for the quarks it was little more than a guess. However, the quark 

contribution tr> Ngq can be evaluated accurately by using the optical theorem 

to relate the hadronic corrections to forward Bhabha scattering, indicated in Fig. 

2G(a)t to the total cross section for e*e~ -» hadrons. This yields 

lml]J w ( . 2 ) = T 5 ? f l ( t*) (5.8) 

where R{q7) is the usual i alio ol e + e" CIOM sections to hfedrons versus muon pain. 

Thus, HQQ jvqinres an imaginary part for real positive values o f f 1 . It follows that, 

when this function is considered as an analytic function of f2, il baa a discontinuity 

•cross the real o 3 axis given by Disc I l^j = 2/lm flog. This alkrwt us to use (5.8) 

to evaluate a Cauchy integral for II'QQ about the contour in the «* plane indicated 

in Fig. 20(b): 

n«(«I) = / ^ r 4 7 n ' w ( J ' ) W 
Inserting (5.S) into (5.9), and subtracting the same integral evaluated at •* = 0 

Im dn. 

(a) 

« (b> 

Pigiure 26, Evaluation of the hadronic contribution to the electromag
netic vacuum polarization. 

we find 

XQ(»'> - ''nigto) = i p]i>>fiV) yi-j -1 ] . (5. i.10) 

A recent evaluation of the integral (5.10) from the measured e + e ~ annihilation 

cross section by Burkhardt, Jegerlehner, Petiso, and Verzegnassi' gives the result 

[«"' - °;>lmz)]lltinilk - 3- 9 5 ± 0 1 Z • (511) 
Combining this srith a more accurate evaluation of the lepton vacuum polarization 

diagrams, one Ends 

" M ( " " 5 ) = 128.77 ± 0.12 . (5.12) 

(The subscript a Indicates that this value of a, takes into account only the renor-

7-



mafization effects due to observed quarks and leptons, and not the possible addi
tional effects due to tbe top quark and other heavy species.) The relative error in 
a * r o ( m i ) i ( y * 10~4> This error is dominated by the uncertainties in the t+t~ 
total cross section measurements from 2 GeV to the Jf$ and from 4 GeV to the 
highest energies of SPEAR. 

In calculating weak interaction radiative corrections, we will also encounter 
vacuum polarization diagrams for weak gauge bosons, and these contain simi
lar corrections from hadronic intermediate state*, However, as Lynn, Peruo, and 
Vcrzegnassi have explained, the most important of these contributions are ac
tually proportional to (5.11), The remaining terms are small and are dominated 
by contributions from the well-studied vector mesons u> and 4-

5.2. T H E STRUCTURE OF VACUUM POLARIZATION AMPLITUDES 

To evaluate more general weak radiative corrections, we will need to discuss a 
wider variety of vacuum polarization amplitudes. Thus* in Fig, 27,1 have presented 
in a standard notation the vacuum polarization amplitudes of the photon, £*, and 
W, and the amplitude for photon-Z* mixing. In this figure, and henceforth, I use 

the abbreviations 

•in8s\i -* ** , cos2*!,, -» c 2 

in writing the values of loop amplitudes. It is most useful to break up the Z9 

vacuum polarizations into the contributions of electromagnetic and weak isospin 
currents (replacing the Z° current by (2.7)), and this has been done in setting tbe 
conventions shown. For later convenience, 1 have written the W vacuum polariza
tion as a matrix clement of weak isospin currents J**1. 

If we wish to evaluate the effect of the top quark on weak interaction param

eters, wc must compute the contributions to this vacuum polarization amplitudes 

from top and bottom quark loops. In general, the contribution from heavy fermions 

is well approximated by the simplest fermion loop diagram, shown in Fig. 28(a). 

Y - V W U ^ A W Y =•* i e 2 TIQQ QPV + ••• 

ZWASJAWY = i I? (n 3 Q - s 2 n Q Q ) g uv + . . . 

ZWA#AWZ = i-§-2(n33-2s 2n 3 Q+s 4nQ Q)g^ v+~. 

c s 

Wv^fwW = i 3_ n^ g ^ + .» 
S ssaiur 

Figure 27- Vacuum polarization diagrams arising in the evaluation of 
weak interaction radiative corrections. 

Tbe evaluation of this diagram for vector currents is a standard exercise in QED, 

However, for the weak interaction*, we also need to consider chiral currents, and 

these add some interesting complications. Let me, then, display separately the 

contributions to the fcrmion loop diagram from left- and right-handed currents, 

and allowing tbe particle and antipattide in the diagram to have different masses. 

These terms take a relatively simple form when expressed as Feyflman parameter 

integrals 



«ll(<'i?flii.»3)=nWi(m?,m?,,'> 

0 

I[^ s(m?.F^3,,^) = I I , £ ( m ^ , m i , , ^ 

= -filr)*/* '°* [AP-^1-*)» '] ' G m " n ' ) ' 
(5.JS) 

where 

Af2 = im? + ( 1 - x ) m ? . (5.14) 

The parameter A in an ultraviolet cut-off (though actually these expteuiotiv are 

most easily obtained using dimensional regularizatton). Adding these four coft-

iribillions, with equal maw fermions, we find the vacuum polarization of vector 

currents 

which is the standard QED result. The approximate formula (5.6) i» simply ob

tained from the limit q2 » m2 of this expression. The integral* in (5.13) and 

(5.15) are straightforward to evaluate analytically, detailed expressions are given, 

for example, in rcf, 5. 

The various vacuum polarization amplitude* shown in Fig. 27 u e straigbtfof-

wardly rcconatructed from these functions. For * fermion doublet of freak isospin 

J, fermton masses m B , m.j, and electric charges <?», Q* (<?. = Q4+ 1), the four 

(a) 

h° h 8 h" 

(b) 
StO CfifliaTS 

Figure 28- Contributions to the vacuum polarization amplitudes from 

(a) heavy fermioni, (b) the Higg* boson of the minimal standard model. 

amplitudes aie given by 

I W « ' ) = Q1. tlvWmJ. m J,,*) + QlHvv[ml, ml *>) 

n,,(«J) = in ti(mi,n,3y). 
(5.16) 

Fat quarln, multiply these expressions by 3 colon. 

The amplitude l iny in (5.15) vanishes at «* = 0, in accordance with our earlier 

argument. In Tact, only one vector current i» needed to achieve this cancellation, 

«o n^vi **& therefore Ibe term flic/ in the photon-Z* mixing amplitude, also 

vanishes at a 3 = 0. However, the purely tbiral vacuum polarizations do not in 

general vanish at l e w momentum. From (5.13), we »ee that the zero-momentum 



limit of II&/. is not only nonzero but Actually jncrcMei with tbe m u m of the 
fenniom io the loop: 

2 A' 

7 (M7) 
IlliCmJ.mj,,1) a JLjm?(|»g Aj + I) , 

far mf » «*, mj. This unusual behavior hu important physical consequences, 
u we will KC below. 

For completeness, I also display Ihe contribution* to tbe various vacuum po
larizations from the Higgs boson of the minima] standard model, which appears in 
the diagrams iliown id Fig. 28(b). Tlieae i n 

l l W ( , 5 ) = l l ,g(, J)=0 

I 

- ((1 - I T ) ' , ' + 4m x + (| - 2xKmJ - mi)) (S.18) 

n " ( « i ) = - ^ / W x ^ + (l-x)4-*(l-*)«Jl 
• ((1 - 2i)V + < 4 + (1 - 2*)(mJ, - mj,)) , 

where inn is the mass of the Higgs scalar. 

5.3. RENORKALIZATION of WEAK INTERACTION Asvyurrmts; I 

Armed with thii technical information, we are ready to iludy tbe rsdiativecoc-
recljon lo some particular experiment. Let begin with a rather simple example, the 
correction due to tbe top quark to tbe prediction of weak interaction asymmetries 
at the Z 1 resonance. In particular, I would like to focus oo the renormalization of 
tbe polarization asymmetry Am, defined at 

,» (c ;r+- ,Z) -a lc ;e+- .Z) 
MK= , * . JT-.—;-2-T — - (5.1S) 

The particular asymmetry ALE'"*" important quantity for two icaaoni. First, 
it ia observable not only in its own right but alio as an ingredient in the various 
forward'backwaid asymmetries at tbe 2*. The leading order relation 

4t"lA'lHALM (520) 

w true to all otden (or tbe coalributkHi ©f tbe Z* resonance. More frnerally, I will 
M|t3e bdow. all weak interaction asymmetries measure tbe U I M radiative cor i«-
tSoti amplitude, up to some unimportant residual effects. Am is thus representalive 
of a CIJN of radiative corrections that we would like to investigate. 

Second, among Ibe various weak wynnnetries. Am. u the most svruitivc to 
radiative conKlioni. The jormula (or Am in the stamUrd model at leading order 
i* 

AlK=Ji!!izii£>* 8(.A-, i„^.). ,5.21, 
l+( l -4 i in 1 ' , ) 

Evaluating this expression with tbe parameters of Section 3.1, we find ALH 2r 0.13. 
But Aiga an asymmetry, and, better, tbe asymmetry of a total cross section wilh 
respect to changes in the polarization of a physically isolated source. This means 
that almost all systematic errors cancel in the measurement olAncto that, with 
enough statistics, it should be possible to measure this asymmetry to 1% or so of 



itn value. To convert tliii error to an error on sin # v , one ahoutd divide by the 
fjirtor of 8 in (5.21), giving the pomibiliLy of achieving an accuracy 

t W « v ~ 2 x l O ~ ' . (5.22) 

With this promiaed preciiion in mind, let Ma evaluate the cowtributKMi of tke 
top quark to Am. The buic ingredieata of Ike calculation are diaplayed in Fig. 
29, The leading order vertex for ^ +e~ annihilatioa iato a Z* Sbllowa directly from 
(2.7). The corrrcted polarization aaymmetry may be (mad from the ratio of tke 
terms proportional to j " and Q in tl. iimplete, radiativdy corrected vertex. 
In the arrond line of 29, thii ratio haa been labdfed *J. The corrected value of 
ALK ia obtained by replacing lin'f. by t] in (5,21). TV" complete vertex geU 
contribution! from (be varJotu dUgranuabowa ia I be Ikied Viae of » , aowievf wkkk 
are rather complicated to compute. However, aiace there are ao direct .aiapliaaa 
between the top quark aad Ike electron, tke top quark eaten tke naormahxatioa of 
thin vertex only through tke but diagram abowi ia Fig. 29. tke vacuum pohrrcatioa 
diagram involving photon-2* mixing. 

Thii particular limpliricatioa occun quite •mrrally for radiative eotrcctioaj 
due lo heavy ur exotic parlklei. Became exotic pajtirba oftea kave ao direct 
coupling! to light fermioru, and in all other caret there rmiliaga are lufkh/ am-
•trained, it ii usually true that the only important efecta of heavy partkfc* oa Ike 
weak interaction! of light quailuj and leptona occur by tke indirect electa of Ibeae 
particle! 'through their tacuum polariialioe uapktaaea. Aa nrterevtiag niaiilr 
ii the caae of lupersymmetrk particlea!'*'*'' The diigraraa ravottiec tke direct 
coupling of ieplotu lo their ruperj ttnen turn oat to be qwile trull, wkile tke 
Urgent correclioni come from the vacuum prJarrralina of Ike t qaark and tke I 
aquark. In Ref. 38, contribution! anting through vacaim iwlarhriline ampi'ladea 
were termed 'oblique' radiative conectiora. Aa we coatiaae tkja aaalyaia, we wnl 
aee that auch corrertiona are sot only numerically important bat abo quite eary 
to undenUnd in a lyitematic way. 

A =^(,3.^) 
cs A' 

A - i- (const.)- <l3-s?Q) 

•UH 

A-A-A*A 
+ •*• + t o + 

Figure 2*. Calcalalion of the I'loop reaornulization of weak interac-
Ike aayruaattries at tke Z*. 

la ftmdfte, we migbt try loilka*rate thin ia tke eafcalation of/({J, by adding 
together tke Iradrag order diagram aad the oblique contribution of the vacuum 
tctarralioa aatpuiade foe photoa-Z* miiiiig. Tee reaatt ia 

L(fi _ [,» _ ̂ r j j , _ «X,)]<?) , (5.23) 

aad «o we caa identify 
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s] = • i n 1 * . - Alilgiml) - i m 3 # . H j w { m i ) ) . (524) 

Unfortunately, lb it result is a disaster; the two vacuum polarization amplitudes 

are belli ultraviolet divergent, and so the answer makes no physical >en*e. 

5-4- At* EXIIOHTATION ON %m29w 

In a rcnurmalizable quantum field theory, the appearance of ultraviolet diver

gences in a physical amplitude is a sign that we are asking the wrong question. 

In fhc previous section, we computed the radiative correction to the polaritfiion 

asymmetry by imput ing tho shift of the left-right asynmetry of electron-positron-

Z° vertex from its value in leading order. But this leading order value is > ratio of 

bare parameters; it cannot be measured directly. To make a physically meaningful 

statciriL'jit, wc must »».!;•:. ilie value or the asymmetry from other measureable 

weak interaction quantities. 

One straightforward way to structure such a prediction 11 the following: First. 

imagine measuring s i n 7 0 w using other observablcs of the weak interactions, for 

example, f», Gyt and vxg. Wc may consider the evaluation (5.21) uiing this value 

of sin 2 9., as giving a reference value. We may then predict the deviation of the 

actual value of Am from this reference value by computing a set of Feynmu 

diagrams. This process depends, in its intermediate stages, on the exact definition 

of iin 2tf„ in terms of observable quantities. Many different definilioni are possible, 

and I will discuu a few of these below. The final result of the process if a prediction 

for Am in terms of o, 6V, and mz, and this result will of course be independent 

of tlic definition of s i n 3 0 w used. In principle. we might simply discard t\n2$w and 

speak unly nlmul relations twlwecn directly mcasurcable quantities. This purist 

altitude has been advocated recently by Passarino. 1 must admit, though, that 1 

find the value of sin 3 0 W a useful point of reference, if 1 know exactly what U means. 

The most common definition o! s i n ' # w in the literature on weak interaction 

radiiiLivi! corrrctions is one introduced by Sirlinf 'which elevate* the leading order 

maw relation (2.4) to a definition 

M ' f U j = l - 2 f • (525) 

This definition is technically very useful, but 1 feci uncomfortable with it, for two 

reasons. First, the man of the If cannot be measured with the highest precision, 

so that in practice one mini compute mjr in terms of mj, a, and Gp in order to 

apply this definition. This problem is exacerbated by the fad that the Feynman 

diagrams which renormalize the W-Z tn**c splitting depend rather strongly on 

the top quark mass, through the relation (S.17). Thus, the use of this definition 

introduces a strong dependence on m, into processes such as the weak asymmetries 

at the Z*t which do not otherwise contain this singular dependence. Similarly, the 

value of sis? I*!? depends on other new pfaysks which might be added to the 

standard model. 

Another possibility is to define s i n 3 # w as a ratio of coupling constants renor-

maliied by minimal subtraction! '**" fn th'u way, wc define the weak interaction 

couplings just as the strong interaction coupling a, is defined in QCl>. This defini

tion has the advantage of removing the strong dependence on the top qvark mass. 

It has a further advantage for theorists who wish to predict the value of nn2tw 

from grand unified theories, since that computation is done moat naturally in Ibis 
(4)1 

framework" However, this definition gives up the clear physical picture which is 

available when sin 1 *, , in constructed from quantities which are directly meaiure-

able. In some sense, using si a 2 $m\ffs introduces into the weak interactions all the 

conceptual problems that experiments—and theorists—have in understanding 

the meaning of a j or A ™ , 

As a compromise between these two viewpoints, let me propose a new standard 

for sin 3 #»—the 2 * standard; Define $m and sin 2 99 by the formula: 

Id Ibh formula, a . ^ (mj ) » the value of a. at the Z* n u n , iaduding the raw-



nialization due to observed quarks And leptnns, as determined in Section 5.2. Re

gardless of the definition of a, the formula in a correct lowest-order relation in the 

standard model and may then he the basis for * definition to all order*. The UK 

°f rt».o("i|) rather than a incorporates into the formula the Mareiuio-Sirlin rcnor-

mattention effect described below (5.7); this is the largest renormalization effect 

coming from the conventional sUtcs of the atandard model. 

The value of riin78w\z is now known eitremely precisely; in fact, the error in 

thin quantity is a good measure of thr real accuracy of our understanding of the 

standard model, before theoretical uncertainties due to the lop quark mass and 

other types of new physics arc included. Using the value of the Z* mass given in 

(2.10) and th^ value of rr«,c(m|) fram (5J2), we have 

sin 1 K\z =0.2317(4) , (5.27) 

The error in sin 2 9w\z arises from 

Asm**,,!* 3 0 . 3 ( ^ . , 2 ^ - } = (3.1, 2.2) x \0~* . (5.28) 

Let me stress again that, by definition, sin 2 9*\z ia indVprndent of the maw of 

the top quark, the Higgs boson, or any other type oT new physics. The dependence 

on these parameters is introduced when sir? 9*\z is used to predict the values of 

other observablcs of the weak interactions, such as the W bosou maes'ot the polar* 

ization asymmetry Am* It is my hope that the UK of s in 3 ** |z as a standard will 

clarify conceptually the process or using preciiioa weak interaction measurements 

to conn train or to discover new physical processes. 

* ThU fvnlinrcnl te«rrda with Taylor'* E>ngmK<* *Os* should sut apply to iW J»U • 
radiative correction which depeb<l» m (be triatM of m>discovtrc*l parlicltt." 
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0.0, RRNORMALUATIOW cir W E A K INTERACTION ASYMMETRIES: II 

Now that we have clarified the meaning of the parameter sin 3 # W l we ran see 

that the calculation we were performing at lite end of Secttoo 5.3 was misguided. 

There, « c tried to compute the difference between aj, the mrum-cablc Talto of the 

/ ' and Q terms in the weak neutral current, to the bare parameter sin 2 **„, which 

is not directly observable. A more meaningful calculation would be to compute 

the difference of two quantities which are completely defined by experiment, for 

example, to compute 

j j - s i n s # v | * - (5.29) 

Let us, then, assemble the complete contribution to (5.29) arising from top and 

bottom crjuk loop diagrams. 

We may take the shift of sj from its bare value to be that given in (5.24). With 

no extra effort, we might evaluate this vertex at a general value of a 3 , where f is 

the momentum of the Z*. The parameter J^vl 3) is given by 

9 +S 

But to compute (5.29), we muit aim work out the shift of sin 1 tm\g from ils bare 

value. To do *•>'", we need the thills of a, Gr, and m?. Figure 30(a) shows the 

shift of a: 

4*« = e , ( l + e , f l£ 1 j (0 ) ) . (5.31) 

( l b be careful, we should exclude here the contribution of the o quark loop to 

(S.31), since this effect wan already included when we exchanged a for o .^(m|) . ) 

Figuie 30(b) showa the »Vift of m j : 

"•I = \ (f+»'V (' + £r ^ <"» - ^ n * + J < " w ) ( m l ) ) • <5 -12) 



|/VWVA/| + krtAA^VlAM + . . . 

t 
( b ) ir4 g ^ + « « A ( ^ V W + . . . 

figure 30. Shifts of the quantities needed to define sin1 *»|z generated 
by Hoop diagrams involving ihe I quark. 

Figure 30(c) BIIOWS the shift of Gf, as it would be extracted from p decay: 

GF 1 I 1 e 1 \ 

,}£ = 4? 0" =£?"»<»)• W 

Note that in each cue, the contribution of f and b comes only from vvuum po
larization digrams. In (be language of Sectioa 5.3, ail oi these coatributioni are 
purely 'oblique'. 

We can now compute the shift of i in 3 f w U f r ( H n i l> lure value with only « bit 
of algebra, Ju general. 

KV*.) = fa*. = - i ^ - o.in2S. = g £ 64^-. (13,) 
2 CM 20. " c J - s 1 sin2«_ * ' 

Then, inserting the shifts of o, GF,and m^. 

»" , a V 
o'+jf 3 c»-s» 

• [«*H&gW + ^ ^ - ^ < » » " 2 > , " w + ' " w X - l ) ] • 
(53.5) 

By combining this result with (5,30), we find following contribution to (5.29) from 
1-loop diagrams involving the top quark: 

sJ(o 3 )=.in l #»| Z 

+ f _ e f _ rn J 1 (m^-2s^n 3 g(m^- l l l , ( 0 ) ? ., I W ) ] 

+ ^ J [a 'nJqK) - ^«iQ(0) +1<? - s 1) l l^fu 2 )] J . 

(5.36) 
la fad, this formula did not make of any speHa) property of the top quark, other 
than that it does not couple directly to light quarks and lepJons. The formula 
(5.36) holds Cor any oblique weak interaction radiative correction. 

We should immediately check thai our new *ualyiia solves the problem of 
ultraviolet divergence* which was raised at the end of Section 5.3. Recall from 
Section 5.2 that the vacuum polarization amplitudes IJiifa1) and flufij2) contain 
two separate divergent terms, in their value at o 1 = 0 and in their first derivative 
at this point. However, each divergence of llij is relsted to a divergent term in 
flu by weak isospia symmetry, in particular, 

Ilji(O) = n„(0)4finite; JiiqiO) = n O T (0) = 0 . (5.3.) 

This formula insures that the divergent terms from lljj(f>) and IT|i(0) cancel in 
(5.3fi). The divergences in the first derivatives are dso related by weak isospin 



symmetry: 

£? ""(0) = ^ l l n ( 0 ) = ^ " 3 ° ( 0 ) ' ( 5 > 3 8 ) 

The last part or this relation follows from the fact that Q = / 3 + V; thus HJCJ = 

H.1.1 + TIJV- Since the weak hypcrchaige is orthogonal to / \ the second piece of this 

expression has no divergence in its first derivative. The first derivative of any IT at 

a d liferent vatue of q1 differs from the value at q7 = 0 only by finite terms. Then 

the relation (5.38) implies that (artcr a bit of algebra) these divergent terms a l » 

cancel out of (5.3B), Finally, the divergent terms in the last line of (5-36) assemble 

into differences of first derivatives of flgg, * n ^ these are again finite- Thus, the 

relation (5.36) is a completely well-defined theoretical prediction, which may now 

be romparcri to experiment. 

Let us, then, evaluate (5.3fi) and examine the properties of this relation. The 

formula ts easily evaluated numerically by inserting the fufmula of Section 5.2 for 

varnnm polarization amplitudes, tn Fig. 31, 1 have plotted the prediction for 

-< ,*{ t n^) ' n the Standard model as a function of the top quark mass, for fixed Higgs 

boson rriASj, and as a function of the Higgs mass, for fixed m<. 

The next few section* contain many figure* similar to Pig. 31 which give the 

dependence of various weak interaction parameters on m* and mgt to it is worth 

pausing to clarify the conventions reflected in these figures. The figures include 

not only the effects of mi and mj | hut also the additional t-loop conettiorui of 

the standard model However, these additional corrections are added in • rather 

simplistic way, by introducing fixed shifts of s ; and other basic quantities. The 

explicit procedure is spelled out in Section 5.10. This gives a simple calculation*] 

scheme, which 1 hope that you can straightforwardly reproduce. However, the 

simplicity of the method limits the accuracy to about 0.5% in s in 3 sV The best 

current calcuUttons of weak readiaUve cotrecttaas are reported in Ref, 6; \bcse 

results arc typically good to 0.1% in s i n 3 ' * . A calculation, at this level is not 

recommended as an educational exercise, but it is essential to extract the full 

information from a precision experiment. The three curves in each set reflect 
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Figure 31. Dependence of «2{m|) en m i i o d n i j predicted by (5.36), 

wing the known value of mz. The two band) «h<nr tlw rejuli of varying 

mi, with >n» held fixed at the two value* 100 GeV, 1000 GeV. The width 

of each band reflects the 1 a error: in n t j . 
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the I a uncertainty in the Z D mass value (2-10). In the present si tuition, where 

the dominant uncertainty in s\n20v\z eomcs from the renormalrtalion of a, this 

understates the true crrora by about a facto; o{ two. Hopefully, new data on low-

energy e + e~ annihilation cross section* will decrease this uncertainty and make 

these errors appropriate for future comparisons. 

The results of Fig- 31 may be translated into prediction! for the weak asym

metric- Thus, in Figs. 32 and 33 I display the predictions for AIR and for the 

forward-backward asymmetries at the Za in e + e ~ -•• bb and * + * ~ -* t*+t*~- The 

solid curves apply to the idealized situation in which the hard amplitude* are 

evaluated at the resonance ]>cak. The dashed curves show the effect of including 

sort radiative corrections according to (3.29) and evaluating the expressions at the 

true peak cross section tnz + 100 MeV« This soft radiative correction it a small 

perturbation of Ant and AFS, but 15 has a large effect on A*fB. 

We argued in Section 5.3 tlial ALK it exceptionally sensitive to effects which 

perturb s i n 2 0 w , and that it borne out here. Since the polarization asymmetry for 

6 quarks at the Z° in close to 1, we would expect from (5.20) thai this forward-

backward asymmetry would behave quite similarly to Am, and this, again, is clear 

from Fig. 32. In principle, this forward-backward asymmetry might be tsed as 

a substitute for the measurement of A^g. The use of this measurement bring* 

two new difficulties. First, the 6 forwaid backward asymmetry if diluted by B-B 

mixing; for a precision measurement, the mixing parameter z of the Bj-Tii system 

and the fraction of H, production must be known to about 10% Second, this 

asymmetry suffers a QCD correction: 

A)TB->AFB(1-^) (5-39) 

Neither of these effects would seem to be an obstacle to measuring AFB to an 

accuracy of 3 x 1 0 - 5 . Another potuible substitute for a precision measurement oT 

Am is the forward-backward asymmetry to lepton pairs. However, we see from 

Fig. 33 that this quantity is unfortunately very small, so that its measurement will 

be hindered al an earlier stage by systematic errors. 

200 
3-90 m, 

Figure 32. Dependence of A i x i n d A%

ra on mi U K I P J J , The notation 

ii u in Fig. 31. The dubed 'urvtj refect the inctuiion of soft radiative 

corrections, computed with (3.29). 
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For Urge value* of Ihr lop ^iiMVmaw.lWvhiamplcrii^dKtCtoos^uadialically 

with mi. I*! US cvklutltr this dependence u»ng the relation 

e 2 { l l 3 3 (0 ) - ITii(O)) =* -^m7

f , (5.40) 

which follows from (5.17). This singular dependence on mi cancels out of all other 

differences of vacuum polarization amplitudes. Thus, 

. , j ( m | ) . 5 i n I ^ ^ _ L _ | . ( H 1 ) 

Because this dependence comes fiotn vacuum polarization* which originate in the 

renor realization of m% and Or, rather than in (5.30), this quadratic sensitivity 

to mi may properly be considered an artifact of the definition of sin 2 #,,(• . This 

dependence does not appear, fur example, in the comparison of s? with *jn 24#. 

However, (his dependence is also a true upect of the precision calculation of i\ 

from mj j and, M J hai'C pointed out, the effect is quite cb*e***Mc experimentally 

for large W|. The quadratic dependence on roi is expected to he independent of 

o 7- This » illustrated in Fig. 31, where I have displayed the dependence on mi 

and mjj of s?(0). This quantity is nwasweaWc from the ifctio of ctDM sections (OT 

neutrino-election and antin-iitrino-electron scattering. It also plays a role in the 

radiative corrections to deep-inelastic neutrino scattering, as I will discuss below. 

The physical origin of this quadratic dependence on n>r »* easily described. In 

the standard model, * heavy top quark cannot be weakly coupled. Since the mass 

of the top quark originates from the top quark coupling Xt to the Higgs field, its 

coupling must grow with mj according to 

i f l ( = ^ P , (5.42) 
v 2 

where v is the Iliggs field vacuum expectation value. If the weak bosons were 

replaced by tligga fields, the lop quark vacuum polarization diagrams would be of 
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older 

But, when the weak bosons receive m u i through the Higgs mechanism, they do 

absorb components of the Higgt multiple! to fonn their longitudinal polarization 

states. Thus, (5-43) should also correctly estimate the contribution of a heavy top 

quark to the vacuum polarization diagram* of weak gauge bosons. Indeed, (5-41) 

is precisely of this order. 

From (5.40), one might conclude that the large radiative corrections due to 

D | ate a manifestation of weak isospin violation. However, (5-36) hw the curious 

property that, even if the m u t t s of t and *• arc set equal and Lbcn taken to infinity, 

the effect of this doublet of quarks does not vanish. Kalher, it approaches the 

constant value 

The asymptotic value is quite closely approximated already when mt = m* = mz. 

In principle, then, after I be top quark mass is known so that this contribution may 

be computed and subtracted, the measurement of s\ from Am will he sensitive to 

additional generations of quarks and leptons, all of whose members are very heavy. 

The error quoted in (5.22) is slightly less than the contribution of one new quark 

doublet. 

It would be wonderful if (5.36) were also sensitive to the mass of Lhc Iliggs 

boson. Unfortunately, the antisymmetric factor (I— 2r) under the integral in (5.18) 

implies that the quadratic dependence on my cancels out. Indeed, Vdlinan 'has 

demonstrated a screening re/e which stales that no t-|oop corrections to processes 

involving light ferrnions depend more strongly than logarithmically on m//. 



5.C. RKNOBMAI,NATION Of- THE W DOSON MASS 

Unins the method of the previous section, we can usomble the cUcct of the 

trt|» (jiifttk foo|> JiagrATrm—or any other oblique correction—on the W boson mass. 

The direct icnorrofLliz&lion of m\v is 

n „ = €£.+ * ntt{*?w). (5.«) 
4 J* 

However, to make a physical prediction, wc mwt compare mjv 1* another physi

cal Iv obsrrvnhje quantity. To do Ihij, wc may make use of the simple lowest-order 

relation (2.4) between m\\ii mz, and « H ' 0 « - Taking the shift of m^ from (5 32) 

nud thr shift of cos*tfw|^ from (5,35), wc may compute 

HI ii- =? m | ros 3 0»|z 

" ^ c l - ^ ) [ " " ( ' 4 ) " ^ I I J A I H I I ) - ^ nu(0) - ^ ^ n u ( m f r ) ] 

($.46) 

Hy using {5.37) and (5.38), you may easily show that this expression is free of 

ultraviolet divergences, just as we found for (5.3G). 

Thc dependence of mw on m* and m # is plotted in Ffg. 35- Once we have 

computed mw from m^, wc can construct n\n709\s, the value of s i n 1 * , as defined 

from tlic ratio of weak boson masses. The dependence of this quantity of the top 

quark and Higgs boson masses at fixed 1717 is shown in Fig. 36. The dependence 

on rnr is much more pronounced than that of s}, By applying (5.40), it is easy to 

see that the quadratic dependence on mt is 

m\v - m\ M

J S„!z S ^ - , ( / _ j 3 ) m j . (5.4?) 

The formula (5.46) may be viewed as a formula for the difference (SIC*0 W |A — 

sin &w\z) as a function of m t l m^, and other parameters. Using this formula, it is 

c » y to convert, the relation (5.36), Wich governs the radiative corrections to weak 

asymmetric*, to a formula based on *hPBm\s- I will quote only the asymptotic 

dependence or this relation for large rnt: 

Another measure of the ratio of the W and Z° masses is the relative strength 

of the charged and neutral weak currents near q1 — 0. If we include the 1-loop 

oblique corrections to the lowest-order formula (2,8), this equation is modified to 

the form 

C,„ = ^ [J+1 j ; 1 + „(0) {J? - J^l(0)fj . (5.49). 

The overall coefficient is, by definition, Gp- The factor p*(0) arises from the 

difference betwfcm vacuum polarization cwreclkms to the W and Z propagators. 

Since fl^tO) - H W ( Q ) = 0. this difference reduces to 

r.(0) = 1 - ^ 5 - ( n 3 J ( o ) - ir„(o)). (5.50) 
• 1 

This quantity Is quite sensitive to large mj, behaving as 

I hesitated to use the symbol p in the previous paragraph. Veltman originally 

defined the V-parameter' 

,= ™\, (S.52) 
m ^ e o s z v w 

to call attention to the zeroth-ordeT relation p = 1 in the standard model (eq, 

(2.4)), and to compute the corrections to this relation, using yet another definition 

of s in 3 #V Since that time, the literature on weak interaction radiative corrections 
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has been lillr J with a bewildering variety of definitions of p as ratios of the W and 

Z° propagator* at many different kinematic points. By this time, it is probably 

mwt Kcmrihle to drop" the use of /> altogether, except (as in the usage of Amaldt, 

et al, Kc r. 9) to parametrize model* in which the relation (2.4) is violated at zcrolh 

order. I ask your indulgence, though, for my use oF/**(0) to represent a particular, 

precisely defined, amplitude which is mcaaurcable in the ratio of neutral to charged 

current neutrino scattering. The notation meshes with a general analysis of the 

weak neutral current which I will present in the next section. 

5.T. RENORMALIZATION OF NEUTRAL CURRENT AMPLITUDES 

As wc analyze the observable* of the weak interactions one by one* it is nat

ural to raise the question of whether different observab.es measure essentially the 

same weak interaction renormalizations, or, conversely, which observables we must 

measure to cover the complete set of possible renormalization effect I. This ques

tion ts most easily addressed by turning to a somewhat more abstract framework. 

Kennedy and Lynn have shown how to construct a general formalism for treating 

the rcnormalization of any process which involves photon or weak boson exchange 

between tight fermions by writing an effective interaction which generalizes the 

zcrolh order formula. (3.1}. In the notation of Kennedy and Lynn, we would write 

the effective neutral current amplitude in the form 

" . v 7 = <:<?£<?' 
(5.53) 

where (/ 3 .£?) and [I3\Q') are the quantum numbers of the external fermionsajid 
all starred quantities are functions of q2. 

Tt is straightforward to verify that (5.53) takes account of all 1-loop oblique 

corrections to the scattering of two light fermions by the photon and the 2*. The 

diagrams we must consider are shown in Fig. 37, To lowat order, the parameter* 

\ 

ej* -a,» A7*I £ • in (5.53) may he taken to equal 4*a, sin*0t>|;!, "ij . . Mid »i respec

tively; we define cf = 1 — JJ to all orders. If we expand the starred function* to first 

order in their deviations from these values, add in the l-loup diagram* which shift 

sin38w\z according to (5.35)* and compare the resulting expression to the I-loop 

corrections, shown in Fig. 37, we find a general expression for the four starred 

functions in terms of vacuum polarization amplitudes, For <»(«JJ) and J»2(«/9)» W e 

find exactly the relation* (5-5) and (5.36). The remaining functions Af?(q7) and 

#, (?') may be readily worked out. If we introduce 

Hzz = ^ ( " M " 2**M3Q 4 sUlqq), (5.54) 

these functions may be cxpTCssed as 

<?- Hid1) =tf -m|)(i + ^ n w ^ , ) - ( i W ) - iizz(>4)) 

z.f,1) =i + ^ l s £- (n„ -2« 'n w +,«n 1 M ) | ^ i i > i (s.5S) 

- e'li^iu) - ^ ^ f n f a t f ) - . 'n^tf)) 

The function Af,2(«') has been arranged to satisfy 

These two function* provide two new and independent finite combination* of vac

uum polarization amplitude*. 

In writing these formulae—and the formulae for j j above, I have assumed that 

the varioua vacuum polarization integrals are real. If this is not true (that is f if 

•erne intermediate state can be produced at the Z9, we should take the real part of 

each vacuum polarization integral II except for the term Hjtzb*) in the first line 

http://observab.es
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Figure 37. Feynman diagrams contributing I loop oblique corrections 

to the scattering of light fermions by the photon And the 2*. 

at (5.55). The imaginary put of Milt correction will then generate the 2* width, 

which would then appear in (5.53)as 

hU{m\) = m j + imzVz • (357) 

Kennedy and Lynn have shown that, even though the standard model weak ra

diative corrections involve vertex and box diagrams as well as vacuum polarization 

graphs, tlie most important of these corrections can also be written in the form 

(5-53). Terms which cannot be shoehorned into this form (for example, nontrivial 

form fa- '.ore of box diagrams) are small—a several tenths percent corrections—at 

the 2° md below. (The one important counterexample to this general statement 

will be discussed in Section 5.8.) Thus, the effective neutral current amplitude 

(5.53) is a very useful way to summarize the effect of radiative corrections both 

from within the standard model and from new physical processes. 

The Kennedy-Lynn effective amplitude is sometimes described as merely a 

'scheme', that is, yet another definition of sm2$w. I hope this discussion, and the 

analysis to follow, clarifies that it is actually a general phenomenology of weak 

interaction re normalizations, and a very useful one. The starred .parameters can 

be predicted in any scheme by trading sin* 0m\z in the formulae above for any other 

definition of sin &». 

The effective amplitude (5-53) clarifies which aspects of the neutral current 

coupling can be measured] With precision at the Z°. In essence, experiments at the 

2° measure values of the starred parameters at q2 = m^, and, of these, the only 

nonlrivial ones are *2(ni|) *&d 2*{mz). We Lave already seen that s j ( m | ) governs 

the weak interaction asymmetries at the 2°. The factor Z.(m\) renonnalizes the 

Z° propagator; it also multiplies the 2* Width. In fact, the effective amplitude 

justifies the expressions (3.1) and (3.8) for the total cross section and the partial 

widths at the Z°, with the parameters of this formula evaluated as 

a - * a , ( m | ) ; sin*#. -» s j{mj) ; 2 -# Z»[m\) . (5.58) 

The values quoted in Section 3 4 correspond to m< = m H = 100 CcV. 

It is unfortunately difficult to extract the value of Z, from experiment. It 

is much easier to obtain an accurate value of the peak cross iu.-ctian of the ZQ 

resonance than to obtain all accurate value of the width. (It js the measurement 

of the peak cross section, for example, which gives the strong constraint on the 

number of neutrino generations.) But the factor Zt{mz) cancels out of the peak 

cross section, because it appears in the numerator of the second tenn of (5.53), as 

well as in the factor IV in the denominator. 

The dependence of the Z* width on mi and ma if shown in Figs. 38 and 39. 

In Fig. 38,1 have blown up the standard model prediction from Fig. 23, showing 

the theoretical uncertainty due to the QCD corrections to the effective number of 

colon Nf and the variation as mi is raised from 50 to 200 GeV. tn Fig. 39,1 have 

plotted directly the van at ion of Tz with the top quark and Higgs boson masses. 

The rather narrow focus of 2* resonance experiments, in terms of their sensitiv

ity to the parameters of the weak effective amplitude, highlights the importance of 

obtaining orthogonal measures of weak interaction radiative corrections from other 

sources, by precision measurements of mw and of the low-energy parameters J*(D) 

and Pm(0). However, even though the Z° experiments must concentrate on the 

extraction of the single parameter ajfmj), it is likely (bat this measurement will 
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give the single most incisive lest of the radiative corrections to the fllandard model. 

Perhaps it is fortunate that this parameter can be measured in many different and 

complementary ways. 

5.8. A RENORMAMZATJON UNIQUE TO THE t QUARK 

There is one interesting example of a weak interaction renormalizatioa which 

falls outside the scope of the effective amplitude (5.53), specifically became it in

volves the top quirk and can be enhanced by a power of {mj/rn^) when mt is 

targe. This i» the one direct correction which involves the top quark: the renormal-

ization due to f" of the vertex for Z* —» W>- The correction arise* from the diagrams 

shown in Fig. 40, plus the additional diagrams required to make a gauge-invariant 

set. This correction is particularly interesting because it has the t quark as )U spe

cific origin. Up to this point, all of the renormaJizations we have studied receive 

contributions from general vacuum polarization diagrams; in some sense, they axe 

integrals over all types of new physics. We have concentrated on> the eontributiou 

of the top quark and the Higgs boson, but this has been mainly for pedagogical 

reasons; it ia not unlikely that ** and other weak parameters also receive contribu

tions from other Lypea of new physics. In an unlucky situation, these awtributwat 

might even he of the opposite sign. It it fortunate, then, that there i* one correction 

which can arise only from the top quark and allows an unambiguous test of tbe 

rapport between the value of the top quark mass (when it is eventually measured) 

and a weak interaction 1-loop correction. 

The diagrams of Pig, 40 and their partners have been evaluated by Afchuodov, 

Bardin, and Eliemannj Bcrnabeu, Pich, and Sautamariaj ' and Beenakker and 

llollik. 1 will quote only the asymptotic formulae here and refer you to these 

papers for more exact results. Their dfect is simply described by noting that 

these diagrams involve IV exchange and so, if we ignore the mass of the ft, they 

couple only to the left-banded components of tbe 6 quark. Thus, the effect of these 

b __, b b 5 

•v* w\7w + 
+ 

•MIMO 

Figure 40. Re-normalization of tbe vertex for £* -* 5j, due to l>toop 

diagrams Involving the top quark. 

diagrams i« a multiplicative reoormslizalion of the vertex for £1* -+ oxAjt; 

M = cX 2' 5*"*'" f(5 ~ S*'» - F 1 ' < 5 5 9 » 
where, in the limit of large mtt 

ID principle, Ibii correction alters the relation between s j (mj) and the forward-

backward asymmetry at the Z* for c*t~ — li. However, lirite the 2' couples 

much more strongly to »i than » j \ a imall change in the larger coupling hai an 

insignificant efecl on Ike polarization aaymmetry Al

iK and, through thin, on A'pg. 

Tbesizeof tbe effect ia indeed of order 10 - * in A^g. However, tbe correction does 

noticeably aleet tke Z* branching fraction to li if tbe top quirk n i l i i i i large. In 

Fig. 41, I have plotted the variation of tbe ratio V{Z* - U}/r(Z" -. faadroru) 

with mt. The individual partial widths are affected by tbe dependence of Z, and 

j j on mi, aa waa illustrated for Ibe total width in Fig. 33. However, Z. cancels 

in this ratio, and most of the dependence on s j cancels as well. I have illustrated 

this ia Fig. 4i by comparing tbe mi dependence of the Z* branching fraclioru to 



bb and dd. The latter is essentially flat as a function of mi. Thus, a measurement 

uf the ZD branching fraction to W is almost entirely a meaaure of the top quark 

vertex correction. 

Unfortunately, litis h a tough experiment. The magnitude of the effect i i a 

•1% decrease in the 66 fraction for a f quark m w of 200 GeV. If the measurement 

is done by taking 6 qu»jJ;s with leptons, the leptonic branching ratio must be 

known to 1%. If fc'jc b quarks are identified by their vertices, the lifetime must be 

known to a few percent. This measurement thus challenges both the large dal* 

srtii thai will be available at LEP and the precision vertex information tbit will be 

provided by the SLC. 1 hope that careful experimenteri will take up this challenge 

and isolate this curious but interesting effect. 

5.9. DETERMINATION OF sin*** FROM N E U T I I N O SCATTERING 

No review of precision measurements in weak interactions would be complete 

without some discussion of the constraints imposed by experiment* on seulrino-

nitctcnn deep-inelastic scattering. H is fair to say thai the precision study of the 

weak neutral current really began with the precision measurement of the ratio of 

neutral to charged current neutrino crow sections by the GDIIS1**1 And CHARM*1*' 

experim/ ,<Ls. Dorp inelastic scattering has new difficulties which arc not shared by 

experiment* on the weak gauge bosons. These all stem from the fact that the target 

is a rucleon, and so the analysis of the scattering process eventually fallen on our 

tinrerlain quantitative understanding of QCD. However, it if amazing to me what 

accuracy can actually be achieved by a combination of clever tftsighU and careful 

analysis. Since the Analysis of these deep inelastic scattering experiment* is rather 

subtle, I have no room for a complcle discussion here. For those who wish further 

information, I recommend the most recent paper of the COHS collaboration, 

which also gives references to the earlier literature. 

The drrp inelastic scattering experiments have concentrated on mcaauring the 

200 
m t 

Figpatil. UrprndciKcofr.|ieZ*widl]iloit,af a fraction of the total 

Z* width to fcadrom, a> • function of m,. The » l id line include* thtr &Z 

vertex corrections; the daibed line shows the faul t of omitting this rffrcl, 

while retaining the top quark renormalnalion of a^m^y 
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ratio or neutral to charged current crow sections 

where x and u arc the standard dimensionleu kinematic variables and the integral it 

taken over the experimental acceptance. These cross sections are readily estimated 

in Llic naive parton model: If Jt(x) is the parton distribution of the species • in the 

proton, the rross sections, for neutrino-proton scattering, at lowest orCer in weak 

interact iontt, arc proportions! to 

ditty 

+ (l-v) J[(j-|»in J»-) 2/^) + (5-5iin'#.)Vj(»)] 

+ [<5»in,»-)VirW + (5.ta,#.)V3(*)l) , 

plus contributions from heavier quark species. la the neutral current cross sec

tion, the two sets of terms for each quark refer to left- and right-handed species, 

respectively The two pre factors arc identical by virtue of (2.9). However, this is 

Llic only simplification available, and otherwise the integrands of (5.61) arc compli

cated functions of x and y. When we include the QCD corrections to (5.62), these 

integrands will alio depend on Q2. How, then, can we extract any information* to 

\% accuracy? 

The required strategy was set out in a beautiful paper by Llewellyn Smith. ' In 

tlits paper, Llewellyn Smith encourages us to think about a world containing only 

u and d quarks, This allows three important simplifications in the compulation 

V 

of IV- First, if we consider, initead of the- proton, an tsoscajar target, / , — fa, 

/sj = S21 *"<! i D e tA^y ^-dependence in the ratio of the two parton model cross 

sections above occurs through tW function /,(*)/fi(x). la fact, the only z- and 

y-dependence appears in the particular combination 

i + 0-*)V f//f' ( 5 6 3 ) 

The second simplification occurs if we recognize that (5-63) Is precisely the parlon 

model expression for the ratio of ant .neutrino versus neutrino charged current cross 

sections. Thus, if we define 

R? can be expressed, within the partou model, as fl? = / t j^ f s in 2 ^) , where 

/ (^(s in 1 9„) is the simple function 

flts(iin3#.) = ± - s i n 1 * . + | s i m 4 # H ( l + r ) . (5.05) 

Similarly, the ratio of neutral to charged current antineutrinocross sections is equal 

to 

flfstsin2*.) = ( i - « n a K)r + ^ sin* M l + r) . (5.G6) 

I have quoted these results as applying to the theoretical total cross sections; 

however, they apply equally well if the differential cross sections in the numerator 

and denominator are integrated over the same experimental acceptance. Thus, the 

dependence of NT on acceptance is completely summarized in the parameter r, 

which can be directly measured- It U noteworthy that r is rather different fur the 

twoCERN neutrino experiment*; 

{ 
0.393 ± 0 014 CDI1S 

(5.B7) 
0.45610.011 CHARM 

refecting ti.s lower energy UnalioM of the CflAICM detector. 



These two insightH produrc a reninrkA.ile. simplification, but they have been 

derived within llie naive pa.rt.ni) model, and so they would not be of much use 

without thi' rmrial third step: In a world with only u and d quarks, the above ex

pression for IV can he derived using uoapin ntyuments only by directly comparing 

strong interaction matrix clement*. Thus, this expression ii insensitive to QCI) 

corrections. 

In a realistic sotting, one must of course correct the Llewellyn Smith expression 

for Hv (o take account of the non-isoscalar components or the target, the presence 

of strange quarks in the proton, and the soft radiative corrections. However, all of 

these arc small cor reel ions to a well understood basic formula. The moat trouble-

sonic correction in that due to chnrm production. Since the energy region of the 

CKftN experiments overlaps the charm threshold, charm if produced at relatively 

low energy and no the production must be described phcnomenologically, with pa

rameters Til to the experimental data. This produces a sizeable systematic error, 

of order ±0.003, in the final determination of sin 1 # v . 

0»ce these corrections have been made the value of fV may be compared to 

the llicorrtiral prediction, modified by the inclusion or hard radiative corrections. 

Using (5. If)) (and miking the oversimplification that Q7 « m^) , these give 

/ r ^ . l O j ' f l f c t f C ) ) . (5.68) 

where /?[§ is the function given in (5.65) and p,f s j arc the effective amplitudes 

defined in the previous sections. The dependence of (5.68) on mi and mjy, for 

Ihn CDHS value of r, is shown in Fig. 42. 
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Figure 42- Dependence of If on mi and ntu, using the CDIIS value 

of the parameter r. The notation is as,in Fig. 31. 
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5.10. RECONCILIATION OF WEAK INTERACTION MEASUREMENTS 

IN the previous few sections, wc have seen how to compute the weak interaction 

radialivccorrcctions to a variety of ubwrvable quantities. Many of thcscpredictioiis 

depended rattier strongly on the n u n of top quark. It is thus important to ask 

two quesliuus: First, are the observed values of these quantities simultaneously 

consistent with a single value of sin* f w ? Second, is this consistency contingent on 

sonic limits on the top quark mass, wo that it activity constrain* the poutble range 

of values for Hit? 

To address this question, wc first need to know the value of the standard 

model radiative corrections due to conventional species—light quarks and leptooj 

and weak gauge bosons. It is impossible to give a complete computation of these 

effects -or even to summarize the result—compactly. (For a rather complete dis-

cusstun, see rcf. 6.) However, because these effects are relatively Email compared to 

the sensitivity of current experiments, one may account them roughly by quoting 

lite relation of the parameters of the effective amplitude to sin 3 9*\z for particular 

values of t»t and m/y. For ni ( = 40 GeV, Mfj = 100 GeV; 

sin 2 Bm\s =• t\t?$m\z + 0.0050 

j?(O)=:ain*0v!jr +0.013 

*?<«<!) = m?0w\x + 0.003fi (5.69) 

Z. = 1.009 

p 4(0) =1.000 . 

Given these offsets, one can then compute the dependence of obscrvables on mi, 

MI/J, and other corrections using the formulae 1 have presented in. previous sections. 

1 have cribbed these ulTscls from the current version of the program EXPOSTAR, 

described in ]{ef. 52. Because the effective amplitude does not include non-oblique 

corrections itt an exact way, the actual values required for these pfTsets may vary 

by about 10% depending on the particular process considered; in addition, the 

corrections actually depend un s i » 2 0 w and in (5.C9) are simply cvaluled near tho 

physical value. This method is too crude to use in analyzing a. particular precision 

experiment, but i t » useful to give a quantitative feeling for the sensitivity of each 

experiment to standard and nonstandard radiative corrections. 

To assess the consistency of our present weak interaction measurements, Ellis 

and Foglr ' have suggested making the following plot: Given the highly accurate 

values of a and Gp•, plus one additional measurement, one can compute the value 

of sin 3 0^1$. This computation of course depends on m<,njjf—and on the assump

tion that there are no other large corrections from beyond the standard model. 

Assuming the standard model and fixing mg-, one may then plot the extracted 

value of riv?9m\s u a. function of mj. In Fig. 43, I have constructed this plot 

by taking each of the three beat-measured weak boson parameters—mz-, the ratio 

niny/m;, and ft*"—as third input. The bands correspond to 1 a measurement 

errors, and I have assumed tnjf = 100 GeV. For rnz and mu/, J have used the 

values (2,10} and (4.4). (Note that mwh^z determines s in 3 t f p | s directly.) For 

i2**» I have used the value 

IV = 0.3081 ± 0.004 , (5.70) 

which I obtained by converting the CHARM measurement of IV to (he value 

appropriate for the CDIIS value of r. The calculation is simple, but instructive 

for anyone who wishes to understand this subject in detail, and 1 hope I have 

provided enough information here that you can reproduce it straightforwardly. For 

comparison, I have reprinted in Fig. 44 a 'professional' version of this analysis done 

by Paul Langacker!"1 The main difference between the two figures conies in the 

band from neutrino scattering, where Langackcr has included the world sample of 

neutrino and anlineutrino experiments, taken proper account of the {^-dependence 

of the radiative correction, and refitted the charmed quark mass as sin 2 Bw varies. 

It is also instructive to replot this analysis against the variable %\nl&m\z% and this 

is done in Fig. 45. 

The results of this analysis axe striking. The ratio m\yfmz gives a horizontal 

band in the EIIJs-Fogli plot. The band due to IV is also almost horizontal, by virtue 
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of the accidental compensation of the strong m ( dependence of A>.(0) by the strong 

m, dependence of the relation between s*(0) *nd sin 2 §m\s. On the other hand, the 

band fiom mz faM* sharply on this plot, reflecting the «trap dependence of si n 1 Pm\s 

on mt shown in Fig. 36. Bands extracted from direct measurements or J?(m|) 

(from Z* asy in metrics) or s?(0) (from electron-neutrino scattering) will have a 

similar steep decrease across the plot. The 2° mass measurement becomes seriously 

im insistent with the neutrino measurements for mt > 200 GcV. At a somewhat 

lower level or confidence, the measurements of mz and ntw become inconsistent if 

the top quark mass is too low. In Hef, 54, l*angarker has reported a 00% confidence 

interval 51 GcV < m ( < 185 GcV for m/f = 100 GeV; these limits arc weakened 

slightly by variation of the iliggs bosun mass. Ellis arid Fugli' 'have, somewlmt 

less conservatively, quoted the result mt = I3'<£ ± 3-1 GcV. Tlvc result thai the top 

quark mass » bounded from above by liter consistency of weak interaction radiative 

corrections is not new; for example, the J587 analysis of Amaldi, ct o/., gave the 

restriction mt < 160 GeV at 90% confidence. However, in the new data this 

restriction arises not as the integrated effect of many different experiments but 

rather as the direct contradiction of two weII-measured obxrvaLles, 

How can we obtain more precise information on the tap quark and other sources 

of weak interaction radiative corrections? To indicate the expectations for the near 

future, I have presented in Fig. 46 the expectation for the mid-1990'a, when MIV 

has been measured to ±50 MeV at the Tevatroa or at LEP If. I have also added A 

band from Am, which I assume has been measured to £0.003 at the SLC. I cannot 

judge how much high-statistics neutrino scattering ex peri meals at Fcrmitab can 

improve the value of *ia29m extracted from J£*\ At the moment, a large part of 

the error in this measurement is systematic, though this systematic error should 

be diminished by using, the new high-energy neutrino beam from the Te vation la 

measure the deep inelastic cross section welt above charm threshold. However, I 

have indicated the effect of a. measurement of ft?, the neutral to charged current 

ratio in antineutrino-nuelcon scatfcrii r., to ±0.003- Thii measurement is difficult, 

since the systematic uncertainties of /r*1 are larger for antineutrinos; however, it is 
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intnrcst. 
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6. Conclusions and Prospects 

The comprehensive analyses discussed in the previous lection bring this re

view to a natural can elusion. We began by discussing the general features of the 

standard model and the detailed properties of the lowest order predictions. We 

then made * lengthy digression on the extraction of the Z* m u i from the reso

nance lint shape. Fallowing this, u/e computed * certain claw of weak interaction 

radiative corrections and saw haw these influence the detailed predictions of the 

electroweak theory. Along the way, I included a brief disc union of the effects of 

an extended gauge sector, la remind you that new physics may appear not only in 

the loops, but also in the lowest order formulae. 

When the lop quark is eventually discovered and it* mass measured, we will 

have ajj interesting confrontation between thil ma» value and the size of precisely 

measured weak corrections. However, it ji possible, and even almost expected, that 

this comparison will fail. Through the example of the top quark loop corrections, 

we have s«.'ii that the weak interactions may be alio ugly perturbed by loop effects 

of heavy species. These effects may in fact l>c out first view of new physics beyond 

the standard model. In the last two figures, I have presented two manifestations 

of an additional quark doublet which might appear at very large mass. Figure 47 

shows the elfect of this doublet Of. the tn\y and Amt assuming that inz a well 

known and that the top quark contribution is known and subtracted. Figure 48 

shows a more futuristic application of weak interaction radiative corrections in the 

context or future, very high energy e + e _ colliders. At energies of order 1 TcV in (he 

centrr-of-iiiass, a heavy quart douhlct of maw mq which is still above threshold 

produces a radiative correction to the amplitude fur e + e " -» \V^W~t for which 

the enhancement factor UIQ/HI^ expected from (5,43) constitutes a substantial 

modification of the differential cross section! J In both cases, the m-rasuicmcnl of 

1-loop com-LLiuns allows a glimpse of physics al energies well beyond the nominal 

collision energy of the e + e~ reaction. 

I have high hopes, then, for this new era of precision weak interaction ex per-
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imcnts, in which the weak interactions become a tool to probe for the tirxi scale 

of fundamental physics. I wish my experimental colleagues the skill, pcrscverence, 

and, above all, the good luck to follow this road to its promised end. 
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Applications of QCD to Hadron~Hadrou Collisions: 
Experimental. ' 
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QCD result* from Hatlmn-lfadton Collider* are reviewed from an ex
periment point of view. Among the topics discussed a« exiwtimrntal con
straints on detwlor design, methods of finding and mFMuring jets, ilijri 
production, muUijft processes, Drcll-Yan prorewes (including If* and Xn 

production) and the pruilutlinn and delectinn of direct piniInns. 

Hadron colliders provide an important laboratory for testing the* Standard Model 
of Strong and ElecWoweak interactions. Because such colliders have the highest 
available cento rof-ttuiM energy (y's), they probe the shortest acrmrihlf* length 
stales and hence provide a unique opportunity both to study the fumtanipnlal 
fields or (he standard model and to search for deviations frojii the behavior pre
dicted by the standard model. Since the pp cross section is dominated by strong 
intcraclkrfi processes, a thorough understanding of QCI> phenomena M erontial 
Tor interpreting collider results. These lectures discuss the experimental aspects 
of QCD in the htdron collider environment. 

1 Pheiiotnenologfcal Overview 

1.1 Particle Production in Soft Processes 

The total pp cross section at current collider energies is dominated !>y n/ift pro
cesses. Because most pp interactions involve low momentum transfers, we cannot 
describe the bulk of the cro5S section using perturbalivr QCD. It is therefore 
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necessary to parameterize ffi„i with * phenojiienolugicaj model. Many such mod-
els currently exist, most notably fireball, mulli-periphcra] and Kegge models.[1) 
WI lilt: tin; quantitative predictions of these paraiiieteri/ations can differ4 Ihey all 
share two common features. First, because the inomt rilum transfer in most pp 
collisions ia small, particles ere produced with limited transverse momentum [pt) 
with respect to the incoming pp direction. Second, because there are no real 
dynamical constraints in the problem, the particle* have a distribution of longi
tudinal nutuienta with respect to the beaiulinc (pj|) that is determined chiefly by 
the available phase space. 

The three dimensional phase apace element can be expressed in terms of pt 

anil p|| -, 

%'«%% <«> 
where 4> is the azimiilhal angle. Hence the invariant single particle cross section 
can be written: . 

<PP * dpjdy l ' 
where the rapidiLy y is del bed as 

2. E - p | , 

so that dy = dp^fE. Defined in this manner, u is an extremely useful variable. 
First, (as seen above) rapidity ia lhc natural phasu spue element. Second, y 
transforms simply under longitudinal boosts. Given a frame F* moving with 
velocity v in the beam (r) direction, a particle with rapidity y in the laboratory 
frame will have rapidity y' in frame F1 such that 

V' = V-Vi (4) 

where yj = tanh - , (u/c) . This equation immediately shows that the rapidity dif~ 
ftrrncc between 2 particles is I.orentz invariant with respect to longitudinal boosts. 
Note that in the case where particle m . i m can be neglected y « —Intan(0/2) 
where 0 is the angle the particle's momentum makes with respect to the bearnline. 
This angular variable is ealled pseurfo rabidity (tj); 

» = - lntan( f l /2 ) . (5) 

Because it is independent of mass and therefore requires only an angular measure

ment, Tf rather than y is the variable most commonly used at hadron colliders. 
Since rapidity is a natural phase space clement, the distribution of particles 

should be essentially Ual in this variable. This fact is demons!rated in Figure la 

which shows the charged particle multiplicity dNthfdi} as a function of pseudnra-
pidity for several center of-mass energies. These data Were taken using "minimum 
bias" triggers* triggers sensitive to the complete non-difTractive cross section. At 
all ceuter-uf-ntass energies, the cross section shows almost no dependence on TJ, 
The value of dN^fdi} grows with increasing center of mass energy (see Figure lb), 
reflecting the larger total multiplicity observed at higher y/s* (Note that tin.- (Ut 
rapidity "plateau" must end at some value of «„,„. This value is set by the 
kinematic limit j]„ac ~ lii(2£/«i) where m is the mass of the produced particle, 
usually a pion.) 

As can be seen in Figure 2, the single particle p( spectrum falls rapidly for 
minimum bias events. However, as the ccnter-of-mass energy inciea&cs, a, high pt 
tail becomes apparent in the data. The effect is also observed (see Figure 3) in 
the behavior or the cross section dff/d£i-r where Et is the total trau^erst tnrryu 
observed in the event: 

Eft 5 £ f i sin ft (C) 

where E, is the energy in the calorimeter cell with center at position 0, and where 
the sum is taken over all calorimeter cells. This non-exponential tail at high 
transverse energy indicates the presence of a component of the cross section that 
does not result from the soft physics described above. This new physics is the 
onset of hard scattering, wbich will be the topic of ib« remainder of these kcturca-

1,2 Large Momentum Transfer Processes 

Because at becomes small at high momentum transfers, high pt scattering is well 
described by perturbative QCD [2]. This process is presented schematically in 
Figure A. In this picture, the initial hadrons are treat -d as a set of quasi-free 
partem (quarks and gluons) that scatter to produce larg-i pt partons in the final 
state. The momentum distributions of the initial partons are described by a set 
of structure functions /;(*) whtcb specify the probability for finding a parton of 
type i in the proton carrying a fraction of the proton's total momentum that is 
between z and x + dx. ID tbe naive partoo model, the structure functions scale 
(are independent of the momentum transfer in the bard scattering process). QCD 
corrections introduce a- "non-scaling behavior," The incoming hadrons are seen 
as beams of partons where tbe quark and gluon momentum distribution* are rich 
described by an initial dislributioa / , { i , A / | ) that has been measured in sonic 
reference process {i.e. deep inelastic scattering). These structure functions then 
evolve to the scale appropriate to tbe hard scattering process of interest (A/ 2) via 
the emission of nearly collinear quarks and gluons. This evolution is described by 
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Figure 4: A schematic view of parlon-pvion scattering. 



tin- ANaielli-1'.-trisi equations |8J-
'I'hr hard scattering process is represented by the following parUrn model 

fur rim I a: 

«~Y. f <l'\*r*>M*t.M')!,{n.M*)- (7) 
I f 

tier*' i and ) label the types «f incoming parlous (glumia and the various flavors of 
quarks and antiquaries) and / , ( J , rtf:) is the partem structure function for parlon 
species i. The in variant mass of the par Ion pat ton system (y/l) is related lw the 
liadroii Itiidron ecu ter-of-mass energy (\/5) by 3 = XtTis. The parlon cross section 
<T;; ran be calculated using peritubal ivc QCD and is cxprcised as an expansion 
in <»»(/'): 

ffr, - y K ( , 0 ( l + tf«.(/0—) (8) 
The scales \f mid ;i are of the same order as the momentum transfers in the 
partem scattering pruccjs. If (lie final slate contain* color, the outgoing parlous 
again can radiate nrarly colli near quark* and gluons- These quarks and gluona 
(hen fragment into cnlnrsinglet hadniii*. 

i\$ previously indicated, the proton structure functions must be measured 
in some reference process. In general, quark and anliquark distributions are 
measured in deep inelastic jcallering experiments. Since lh*» experiments are 
not directly sensitive to the ghion distribution*, Hirer air usually inferred (ming 
momentum sum rules) from the variation of the anliquark distributions with the 
momentum transfer Q1 Extraction r>l the gluoti structure function is therefore 
KMts.iiii'r Imlh l» thr value of o f used in thr calculation (i«incc this controls the 
rale of evolution of the gluon distril . i t w ) and to the functional form usrd to 
characterise thr initial gluon distribution. 

Many narainHcrizations of the pro I on structure functions exist. Among the 
most common are Kifhlrn rf at |!>) (F.1ILQ) set I and 2t Duke and Owens (DO) 
I til] set I and 2, Martin. Koberts and Stirling (MRS) [II] and Dicmo*. Fcrroui, 
tamgo and Mnrtiiiclli (DFt.M) |I2|. These parameierirations diffrt from cadi 
other in that they fil different fJtperimental data and made diffrrrnt assumptions 
alxmt the behavior of the glmin distribution at low r. FIILQ and DO result 
from lowest order Q(.'l) calculations, while MKS and i)FLM structure functions 
air- ralrulaled In next to leading order. The uncertainties in the proton structure 
funrlion rrpirwiil a fipstrmatie error on all Q(?l) predictions.|I3] 

Figure Tia shows the lowest order diagram* that Contribute to paiton-parton 
scattering in pj* collisions, while Figure Jib gives somO of the important nex*-to-
leadiug o idn rntiectniu*. At Tcvation energies, the cross section is dominated by 
ghtnii-ghron rirjilti'ririR. This is true first Iterative rolor factors enhance (heghion 

a) xxxx 
b) 

YYYY 
X v ^e>^> / > ^y. 
HUHH 

Figure 5: *)The diagrams that contribute to par ton parton scattering in lowest 
order QCD-
b) Some of the diagrams that contribute la paiton-patton scattering 
in oext-to-Jeading order. 
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cross section relative to quarks and second because the gluun structure functions 
dominate at law x, whore the cross section is largest. In dependent of Q2, all 
important contributions to the cross section are l-chatinc-l. Thus, the angular 
distribution in the ccutcr-of-m&ss is similar to Rutherford scattering; 

t = M_ (9; 
where t and 5 are the normal Mandclslain variables, evaluated in the Uatd acat-
tering aniLer-of-mass: 

i = W+*>!')* HO) 

i = Itf-pS)' (10 
« = « -J<5 ) \ (12) 

Here p£ and pjj are the four momenta of the initio) parlous and p£ and pjf are 
the four momenta of the scattered carious. Note that the production of high pt 

lupltms. must occur through diagrams involving quarks and must involve at least 
one eleclrowenk coupling constant. Examples of leptonic production mechanism 
involving virtual photons arc shown in Figure Ga while weak production mecha
nisms arc shown in Figure Gb. The rates for these processes are therefore reduced 
relative to parlon scattering by several orders of magnitude (see Figure 7). 

The lowest order QCD calculation provides a reasonable description of the 
inclusive jet and busou cross sections. There is, however, always an ambiguity in 
the overall normalization of the lowest order calculation. The ambiguity results 
from the fact that the calculated rate depends on Lite choice of momentum scale 
ft used to evaluate a, and the choice of scale M used in the evaluation or the 
quark and gtuun structure functions. While these scales should be of order pt of 
the hard scattering process, there is no fundamental reason to choose pt rather 
than pt/2 or '2pf (and in fact no fundamental reason to choose the same scale for 
u and Af). If an exact calculation to all orders in perturbation theory were done, 
then these differences in choice would not change the final answer, but would 
merely change the relative contributions of terms in the perlurbative expansion. 
If only the lowest order term is included, uncertainties due to this ambiguity 
are typically about a factor of two. This theoretical uncertainty can be reduced 
(typically to about 30%) if a next order calculation is done. The contribution 
of the iiexl-tu leading order term has been calculated in several cases: the total 
cross section for W/Z production and for Droll-Van scattering [pjt —* e*e~t /i +/»~) 
[H], the cross set lion for producing an isolated high transverse momentum photon 
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Figure S: a) The lowest older electromagnetic diagrams that contribute to high 
ft Upton production. • 
b) The lowest order weak diagrams that contribute to high p, lepton 
production. 
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Figure 7: The production cross section for a variety of pp physics processes as 
a function of p, of the hud scattering system. Going from largest to 
smallest cross section the processes are: 
a) Jet production 
°) 7 + i«t 
c) W* + jet 
d) It'* from top production 
e) W* + 7 
f) VI *• pair 
g) » ' • + 2 
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|I5| and the total cross section for producing a heavy ijuark anlirpiark p.-iir |lfi). 
In lice rase of jet production, all the ncll-loleading order diagrams have keen 
evaluated |17| and a consistent calculation of the single jet inclusive- cross section 
is underway [I8|. In general, higher order terms do not have a big elFecl nn Hie 
shape of inclusive distributions, which has led to the use of the term "K-fw lor," 
dvfincd. as the ratio o! the lo*esl milrr to next otiltr calculation. 1 his leim is 
extremely misleading since the value or the farlnr depends critically on the rlioire 
of momentum scale used in the lowest order calculation. There ate also exceptional 
cases where the next order calculation ran introduce clianf.es in predicted event 
topology. For example, in bottom .juark production where the process <; ->(* 
does not contribute until next-lo leading order, the angular correlation between 
the b and i is significantly altered by this term. 

1.3 Je t Production 

The creation ol colorless hadrous from a colored uarton is a soft process. Thi-te-
fore, the hadrons are produced with limited f, with respect to the initial partnn 
direction, forming collimaled "jets" of particles. The hadron j>, with respect to 
the jet axis is typically of order a few hundred MeV. Because these hadrnns fol
low the initial patten direction, there is • correspondence between the observe! 
hadron jets and the colored objects produced in th<? hard scattering process. This 
principle of "local parlon-hadron duality" is a central assumption of our theory. 

Equation 7 and the principle of local parloilhsdron duality provide a good 
description of hard scattering events. In general, these events appear in our detec
tor u two "beam jets™ and two or more high p, scattered objects. The beam jets 
Me icmMwnts of the initial p and f after the hard scattering has occurred. These 
remanents interact via soft processes and therefore produce particle distributions 
that look a great deal like the sort minimum bias events discussed in Section 1.1. 
The presence of a hard scattering in the event can result in a higher overall mul
tiplicity, but the "underlying event' in hard scattering p r e s s e s is well described 
by a Bat rapidity distribution of low p, particles. This fart can be seen in Figure 8, 
which shows the ratioof the observed multiplicity in events containing a W boson 
to the multiplicity in minimum bias events. 

High p, jets, however, can be observed as localized clumps of energy For 
example. Figure 9 shows a two jet event f measured in CDF. The plot shows an 
ij - + grid representing the CDF calorimeter segmentation. The height of each 
tower is proportional to the transverse energy deposited in that lower. AH cells 
containing at least 0.5 GeV of transverse energy are slm-vn Trie two jets in the 
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Figure 9: A w o jel event as measured in <.'I)K. 



event fin- Kf(»iirrtlrH by (SU** in <£ and balance in p,. This is the pa.tt.citi expected 
fur elastic sraUcritig of two parlous, Nole that the 0.5 GcV tower cut effectively 
eliminate* a" energy from thn soft underlying event. 

Jfts u-ore firsl tmambigumiHly observed in pp collisions by the UA'2 exper
iment in IW2. Using a simple "cluster algorithm" that combined neighboring 
calorimeter c-olls, the IfA2 group observed that for large Ej?, most of the total 
energy observed in their calorimeter WAS deposited in two hack-to-back clusters. 
Figure Itr shows tlit? fraction of the total observed transverse energy found in the 
highest \hy) J-nA Uvo highest (h 3 ) cluster.* as a function of the total transverse 
energy in the event. At high transverse energies, most of the event K\ is found 
in llie hvn highest clusters, Figure 11 shows the distribution of thn difference 
in azimuth nf the iwo lushest Et clusters in events with ( E E , > 60 GeV). The 
peaking at *p — Ifld* is what wc expect from a hard 2 -* 2 scattering process, 

The longitudinal momentum distribution or the hadrons in the high Pt jet? 
is governed by phase space factors. The mathematical formalism developed in 
Sec-Lion I. I holds in this ease as well. Hadrons in jet events have a roughly flat 
distribution iii .-apidity when that rapidity is measured relative to tht jtt <uif~ 
We derive here an expression for the distribution of hadrons in a jet when this 
distribution in measured in laboratory eoordina.tcA.[19] Let us begin with a jet 
thai has its axis pn'mling in the n direction with coordinates y0 and ifo for ils 
rnpidily and viiinulhal position respectively. This jet contains a. particle with 
moment tun p. In the Eahnratnry frame, the particle has the following coordinates: 
traiiFvcrpe momentum pti rapidity y and a?,imuthal position «£ (see Figure 12). 
We can calculate the transverse momentum of this particle with respect to the jet 
axis: 

p r " J " = P - ( P " S ) n . (13) 

Transfurimtig into the laboratory frame, we find 

/»r" J " = / ? i { i p m ( # - A , l - m [ s i n h ( y - i f o ) - c o s ( ^ - ^ j ) ] ) (14) 

a E i | i < * - * ) - i h { * - ! / 6 > h 0 5 ) 
Thus, particlra with constant j>, with respect to the jet axis are distributed about 

a circlr in »/ - $ spare where the radius of the circle is proportional to pf and 
where !/ is measured relative to the beamline. In the laboratory frame, a jet looks 
like circle in ,u(4 space with the density of particles falling off rapidly with radius. 
Since lypical p,'s with respect to the jet axis are a few hundred MeV, for jels 
with E, above 10 (ipV a circle of radius 0.7 should enclose a large fraction of the 
particles in the jet and a circle of radius 1.0 should contain almost all. We shall 
use this result later. 
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Figure 10: The fraction of the total transverse energy observed in the highest 
( A , ) and two highest (fc2) clusters u a function of the total transverse 
energy of the event, i s measured by the UA2 experiment. 
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Figure ] | : The distribution of the difference in azimuth between the two highest 
£', clusters in events with (E£, > f,0 GeV), as measured by the UA2 
experiment. 

Figure 12: The coordinate system used to discuss jel fragmentation- A jet with 
its axis pointing into the n direction and has rapidity gtt and azimuthil 
position 4o- Thi* jet contains a particle with transverse momentum 
pt, rapidity y and azimuth 4 >n the laboratory frame. The laboratory 
coordinate system is defined by the unit vectors z, I and in. 
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2 Experimental Considerations and Detector Design 

The !nrgc collider detectors currently in operation arc; expected lo perform a wide 
range of measurements. Among the goals of these general purpose facilities are: 

» To rncivstire the differential cross section for hard scattering processes. Such 
measurements not only test strong interaction theory, but by looking for 
deviation? from QCD predictions also search for unexpected new physics 
signals. 

• To study clcctrowcak couplings hy measuring the mass oF the W* and Z° 
bosons and hy studying angular distributions and asymmetries of the boson 
diicay products. 

• l b search for new particles such as heavy quarks, new gauge bosons and 
supersy in metric particles. 

• To further constrain the range of allowable structure Functions and to inves
tigate the high energy behavior of quark and gluon fragmentation Functions. 

In order to study the phenomena listed above, it is necessary to have a de
tector that measures quarks and gluons (jets), cleclroweak bosons (photons, W's 
and Z's) and neutral, non-interacting particles (neutrino's, supcrsymmetric par-
tides) over a large range of momenta. Because the total inelastic cross section 
is so large relative to the hard scattering rate, significant event selection must 
be done at the trigger level. In addition, since the rate for QCD jets is several 
orders of magnitude larger than for other hard scattering processes (again, see 
Figure 7), the tails of the jet distributions can become significant backgrounds 
for other measurements. These considerations place several requirements on any 
multipurpose detector designed lo run at a hadron collider. 

The high energies reached in hadron colliders necessitates the use of calori-
metric detectors. The high multiplicity environment implies that the detector 
should have good segmentation. The fact that inclusive production is in general 
flat in rapidity and uniform in ^ (for a constant Et cut) means that rapidity, or 
more conveniently, pseudorapidity, and ^ are natural segmentation variables and 
that a large solid angle coverage is highly desirable. Because the jet rate domi
nates all other processes, a high level of rejection against jet events is necessary 
when studying electrons, muons and missing energy signals. In the case of muons 
and electrons, this means that high quality tracking information is important. In 
a high Tate environment, this information should be available at the trigger 

level. Good calorimeter resolution and the ahscncp of cracks also are necessities 
to eliminate mis-measured jets as a major source of missing transversa energy. 

Typically, collider detectors are primarily calorimetric, with large sampling 
type calorimeters. These detectors have good resolution at high energy and arc 
sensitive both to charged and neutral particles. A high level of transverse seg
mentation is desirable. In most cases many longitudinal samples are ganged in 
depth to form projective "towers" in ij-$. Some longitudinal segmentation, how
ever is essential. Calorimeters are typically divided into "electromagnetic" and 
"hadronic*' depths, often constructed with different materials. The electromag
netic and hadronic segments can also be further sub-divided to give additional 
information about the longitudinal shower development. 

The resolution of a sampling calorimeter has a contribution due to sampling 
fluctuations between the absorber And active medium. This resolution generally 
scales with energy as follows: 

T-7i- , , 6 > 
The deposited energy E is measured in GcV and the intrinsic resolution oQ is 
typically 14% for electromagnetic calorimetry and between 80% and 120% for 
hadronic calorimetty. The hadronic resolutions quoted here include not only the 
effect of sampling statistics, but also the fact that for most calorimeters the intrin
sic response to pions and to electrons axe not the same. Since a- typical hadronic 
shower contains a mixtureof charged and neutral pions, this difference in response 
results in a worsening of resolution. In the past few years, much progress has been 
made in understanding the physics of calorimeter response. [20] By appropriately 
choosing the thickness of the absorber an** active medium, large improvements in 
the hadromc resolution are possible. "Compensating Calorimeters" can now be 
designed with trQ *v 35%. 

Tracking chambers arc an essential ingredient of collider detectors, providing 
a necessary tool for lepton and photon identification. The high overall multiplicity 
in hadronic collisions means that tracking detectors must have good two track 
resolution and must provide high quality extrapolation to calorimeters and muon 
detectors. While a momentum measurement can aid in background rejection 
and is necessary for some physics studies (such *s the measurement of jet 
fragmentation functions or the reconstruction of final stale particles such as K0fs, 
£P'st etc), it is not essential for a collider detector. Two of the four large collider 
detectors (UA2 and DO) have no magnetic field. 

The large collider detectors all run with a number of triggers at the same 
time. A piescalcd minimum bias trigger provides a representative sample non-



^ji(Tractive events. Jet triggers soled hard scattering events either by requiring a 
illinium in £/.;, in the calorimeters or requiring a localized cluster of energy above 
a specified Et, Electron triggers require an electromagnetic cluster with little 
hadromc energy behind it and often incorporate a tracking requirement as well. 
Muoii triggers require a set of hits in the anion chamber that point back to the 
interaction regiuii. Here again, a track rotjuircmciil ran also be imposed. 

Figures 13 and 14 show the UAI and UA2 detectors respectively. These detec
tors began operating at the CERN SPS in 1982. The initial ccnter-of-mass energy 
was 51ft GeV, with later running at 630 GeV. Data taking continued with these 
detectors through 1985, at which Lime both detectors began substantial upgrades 
which were intended to coincide with luminosity upgrades of the CERN collider. 
The upgraded UA2 detector is shown in Figures 15- Improvements include a sub
stantial increase in the pseudorapidity coverage (the original detector covered only 
t ° |'/I 5 1) a i l Q * l J l t i addition of transition radiation detectors, a vertex detector 
and a scintillating fiber detector to aid in electrott identification. The improved 
capabilities of the UA2 detector will be discussed in Section 4.1.2, UA2 has been 
operating with their upgraded detector since 1987. The UAI upgrade involved 
replacement of the hadronic calorimeter with a "compensating" Uranium-warm 
liquid calorimeter and is still underway. Figure 16 shows the CDF experiment 
which has been operating at Hie Fermilab Tevatron (T/S = 1.8 TeV) since 1987. 
The DO detector (Figure 17) will begin operation at Fermilab iu 1991. 

3 Jet Physics 

Jet production is the dominant high pt process at the CERN aud Tevatron collid
ers. The study of such jet events allows high statistics tests of tbe QCD model of 
strong interactions. The basic assumption of these measurements is that observed 
jet cross sections and angular distributions closely follow those of the partonic pro
cesses. This assumption relies on our ability to define a prescription for finding 
jets that is both experimentally well defined and well matched to the theoretical 
calculation of interest. [22] There is no qualitative problem in finding jets in events 
wilb large transverse energy; these jets can be clearly seen in event displays. How
ever, as we shall see below, there arc numerous subtleties and ambiguities involved 
in quantifying the study of jets. 
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Figure 14: The UA2 detector. 

1 

Fifnel5. The upgraded 15M detector. 



Figure 16: The CDF detector. 
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3.1 Cluster Finding and 3et Definition 

A good jet finding algorithm must meet certain experimental and theoretical 
criteria. From the experimental standpoint this means that the algorithm must 
hv easily cvaliinlril in tcrma «r quant Slips measured in the detector (E r , n and 
$). must be robust against fluctuations (caused by fragmentation effects, energy 
deposition fnmi the underlying event or finite energy resolution), should be free 
uf pat hutogia and should give stable results independent of event topology. On 
the theoretical side, the algorithm should be linear in energy (and t\v refore not 
sensitive lo the details of fragmentation), should handle the merging of nearby 
jets in a straightforward maimer and must provide a cluster position arid energy 
that correlate* well with the initial patton direction and energy. 

We have seen in Section l.'X that in the laboratory frame jets appear to 
be circles in 7 - 4> space. Many duster finding algorithms have been designed 
with this fact in mind, Let us take as a "typical" example, the CDF cluster 
finding algorithm. It is an iterative fixed cone algorithm that begins by looking 
for contiguous dumps of energy, called "pre-dust ere," and then gathers all the 
energy within a fixed distance from these prc-dusters. The prc-duslering stage 
begins by combining contiguous towers with E* > 1 GcV. TM* rclalivdy high 
loner ibredioUl is designed to eliminate dusters formed from flucluAlions in the 
soft underlying event. Any pre cluster with E ( > 3 GeV is considered a "seed" for 
the cluster finder, A circle in ij - $ space is drawn around each seed, TPie radius 
of this cirde is a patame.ler of the algorithm; the default radius is 0.7. Now, all 
towers inside the circle and with E, above 100 MeV are included in the cluster. 
(Once a good seed has been found, a low tower threshold is used to allow the 
algorithm to gather the maximum fraction of the jet energy and therefore have 
tta best possible energy resolution. The 100 MeV threshold is well above the 
electronic noise level for the calorimeters in CDF.) The position of each cluster 
is recalculated using the E f weighted centroid of all towers in the cluster. A new 
circle is then drawn about the recalculated cluster position and the procedure 
is iterated until stable. If two clusters have more than 75% of their towers in 
common, the dusters are merged. When a tower is shared by two unmrrged 
clusters, it is uniquely assigned to the cluster that is closest in tf ^ space. 

The energy and momentum of each cluster is determined using the following 

equation!*: 
•VlmicT = i-i *'i 

KICI.I.IT = EiEiSinlWoM 

Prlir.tr, = £ , E,TI, 

F'.lHlrt = V / 1 ' c , u " w + P»du.lrr 
where the sums are taken over all towers in the cluster and where n, is a unit 
vector normal to the direction of tower ». Note that with the definitions nhovc 
clusters have non-zero invariant mass, typically of order 10 (»eV. Our ran think 
or this mass as Hie invariant mass of the par ton produced in the hard scattering 
process along with all the soft "final state" gluons radiated from it. 

The CDF gtoup has studied the performance of this algorithm using both 
Monte Carlo data and real collider data. To understand the algorithm's pattern 
recognition efficiency, they have inserted jets from one event into the raw data 
from a second jet event and compared the results of the jet findfr before and 
after the insertion. They have measured as a function of the r; - tf separation 
of the initial dusters what fraction of the time the two clusters were merged by 
the algorithm and have also measured how much the cluster energy and position 
change for those cases where the two dusters are not merged. The results of this 
study show that the algorithm is quite w e l l behaved. The fraction of dusters 
merged shows a sharp cutoff at a Tadius about 0.15 units outside the roue size-
used in the algorithm (see Figure 18). Clusters at smaller radii are almost always 
merged, while those at larger radii are almost never combined. When the clusters 
« e not merged, the energy and position of the dusters do not change significantly 
fiom thdf original values. In 99% of the events, the change in measured ft is less 
then 1 GcV The efficiency of the algorithm has been studied using Monte Carlo 
d*t* *nd has been verified using the recoil jets in direct photon events. Figure 19 
shows the probability of finding a jet cluster as a function of the original puilon 
Pi- The plot *bo shows how often a. statistical fluctuation in the pP underlying 
event is misinterpreted as a "fake** jet as a function of the observed duster pi-
Such studies indicate that jets can be found with high reliability if their transverse 
momentum is above 10-15 <3cV/c. 

While pattern recognition is a relatively straight-forward problem in jet physics, 
translating from observed jet energy to initial partonic energy t* more problematic. 
Jet energy must be corrected far several effects, the most important of which are 
detector non-linearities, energy deposition from the underlying event and losses 
outside the clustering cone. 

The VA1, UA2 and CDF detectors are not compensating calorimeters. There
fore, these detcelors respond differently to electromagnetic energy from electron.-;. 
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Figure 19: a) The efficiency for finding a jet cluster as a function of the original 
pafton transverse momentum. 
b) The probability that as "fake" cluster is created from a statis
tic*! fluclualion in the under tying event as a function of the cluster 
transverse momentum. Both plots are derived using the Uajti Moult 
Carlo. 



photons and JÎ 'S than to the had rente energy from charged pion-i. At low nn> 
niciiln alt three calorimeters exhibit substantial non-linearities in their response to 
chargt-'d pious. The size ol thi* cnVct w shown in Figure 2D, which plots Hie ratio 
of flic observed cnltmmeter energy to the measured track momcntiim AS a func-
lion of track iiujiiidiliuii for the CDF central calorimeter. These non-linearities 
cause the observed jet energy lo 1>e systematically lower Lliui the initial parton 
cncrg)'- This cfTect can, of course, be corrected on ovtragt if the charged particle 
momentum spectrum within the jris h known. The jet energy resolution is also 
ilegmd'd, however, due to event-to-event fluctuation* in t!ie shower development. 
These problems are expected to be reduced significantly f-w the next generation 
of detectors. DO, for example, haa a Uranium Liquid Argon calorimeter where 
the ratio of electron response to pion response is quite close to unity. This ratio 
is shown for a DO Lest module in Figure 2L 

In addition In Lhc purely detector effects described above, there are physics 
effect? that change the observed jet energy. These are the addition of energy from 
the underlying event and the loss of energy outside the clutter cone. The size 
of these effects can be seen in Figure 22. Here jet events are selected and are 
routed in azimuth so that the highest energy jet is defined lo be at 4> = 0*. The 
transverse energy in the ever.I is then plotted as a function ol 4- Since the cross 
xrrlioD it dominated by dijt.1 events, two high Et peaks ate observed at 4& = 0* 
and i& ~ 180*. The flat energy distribution between these jets represent* the 
mean contribution Crotn particles from the underlying event. Using these data, 
we estimate a mean energy dep U of about 1 GeV per unit rapidity per radian. 
This figure also demonstrates the effect of energy Toss outside the fixed coneiued 
by the cluster finder . The results indicate that for a cone size of 0.7, an energy 
of about 2 GeV is lost outside the jet tone. Studies by both (be CDF and (J AI 
groups have shown that neither the underlying event energy or the energy loss 
outside the cone have significant dependence upon the observed jet £§. 

Ail collider detectors currently in operation must correct the observed duster 
energy using a, map that depends on p, and tj. The site ot the correction •wies 
with jet pi, both because the detector non-linearities are most tmportar* in the 
low p, region and because the cluster and underlying event corrections (in GeV) 
are independent of jet pt. Typical systematic uncertainty associated with this 
correction (and the contributions to this nncertainty) are summarised in Figure23. 
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Figure; '21: TJIL' ratio of the pion rnponse to the electron response for the DO 
calorimeter as a function of incident energy. The data points were 
measured in a test beam. The cutve is a prediction of the model of 
Wigmans et. al. 
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3.2 T h e Single Jet Cross Section mid C o m p o s i t e u r s Limits 

At nil values of pi, thejrL rnwt section h*hmi\naln\ by the t-cliarmcl exchange of 
a gliion. Because llirr matrix element* for all the flpminanl diagrams air similar, 
the relative rates of quark-quark, fluark-gliioji and ghu'ii-gltioti scattering are de
termined by lite structnrr functions and by color factor.*. A lowigluon seal If ling 
dominates* while quark diagrams become important at high A. 

The similarity of the l-rhnnncl matrix elements allows its to write the jet 
cross section using a tingle tjjective suhprocran approximation [23|; 

TT-j- = FMFiT*\*ses{Att-* 1.2) ( | 8 > 
(tp,ilytdtf7 

where 

DAI and UA2 have extracted f(z') using inclusive jet data and have compared 
the resulting values to QCD predictions. The results oF such a comparison arc 
shown in Figure 24 and demonstrate that the jet cross section at low j cannot be 
explained by quark-antiquark scattering alone but is in good agreement with the 
full CJCD calculation. This plot give clear evidence for the uan-Alir-liari nature of 
QC1> and the existence of a three gluon coupling, 

Figure 25 shows the inclusive jet cross section measured by the C1)K collab
oration. The error bars plotted on the data points include both statistical errors 
and that portion of the systematic tiliceitainty that is depends on E,. In addition, 
an overall normalization uncertainty is shown as a separate error bar. The curves 
shown with the data represent the predictions of leading order QCD with a variety 
of structure functions and a range of scales fp>/2 > p. > 2p () for evaluation of the 
strong coupling constant. Both the overall rate and the shape of the curve are in 
good agreement with theory. 

The measurement of (trffjK/<fEf can be used to study models of quark com-
positencss. If quarks are made of more fundamental objects, their strong coupling 
will be modified! to include a form factor: 

Picking a simple assumption of color-singlet isoscaJar exchange between left-
handed quarks [9|, the Lagrangian for this interaction is: 
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Duk» O w n s 1 Q 2 - 200 Q«V 2 

Duka Owens 1 Q* - 2000 GeV 2 

Figure 24: The effective structure function as measured by the UA1 experiment 
The curves show the QCD predictions at two v a ) u e s of scale with 
and without the gluon contribution. 
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Figure 25: The single jet inclusive cross section as a function cf jU E- J"be 
curves show the predicted QCD rate for several of structure function 
parameterization* and for several choices of scale in the evaluation of 



wlrni' tfVlff = I, lor energies far behtw A*, this term a d s like an effective 
four I'lTiiii iiilrr-irtwiji. '\'br incUtnivr rrnsa section will contain A tctta that in 
imfo|>r*tHlrnl (,f,;, c.iiKtnR a fi -liciiing of lli<- crosg section as a function of A'(, re. 
nn excess «f events Ml the lnc,h lvf region. 

Figure 2f> show* .i preliminary measurement of dff/i/lji from the CBF experi
ment Along with the predictions of QC1) am! predictions for the comprfcite model 
described above with v;duen of A, Bel to be 700 fjeV And 1000 CleV. Although a 
compositeurs* limit h.is not. yet been set using this data, it is clear that values of 
A r below about a 1'cV air oxcluiTrd, I'uhH.-tfied results from an earlier and much 
smaller data set yirMrd a !Wt% roufideucc level limit of 695 G«V.|24] 

3.3 Two J e t Angular Dis t r ibu t ion 

The majority of hard scattering events contain two bacMo-bach jets. This di-
jff system can be described in terms of of 6 independent variables, three boost 
variables thai transform I<> the hard mattering center-of-mass (0rt 0t and flt) 
phis three other variable*; (measured in the centered-in ass): s, the invariant mass 
of the hard scattering system, 4> thi- azimuthal position of one of the jets and 
CDK-J)*, the srn.tlrring angle of one of the. jets with respect to the beamlinc. The 
distributions jti two of these six vartablrji, /?, and i , arc determined by Ihc slruc-
1 lire function distributions in the proton. A third variable, 4> shows no dynamical 
slruciijre fat >in polarized beams. 

The transverse boosts 0C and ftv result from higher order QCD processes. 
These boosts arc oflcn described hy the phrase "intrinsic kt* And i re caused by 
the rmission of additional gluons during the hard Scattering process. In all collider 
experiments, the observed dijcl kt results from two sources, the intrinsic Jfc( caused 
by ghion emission and experimental effects such as finite energy resolution. The 
UA2 group ha? developed a technique for separating th,«e effects. Dijet events 
air selected and thr k, vector is decomposed into components along and perpen
dicular to the bisector of the pt vectors of the two jets (see Figure 27a). The 
frf, romponent, which is perpendicular to the bisector, is dominated by de ' tctor 
resolution. The £ , v which is parallel to the bisector, is dominated by QCD cticcts. 
Figures 27b n n d <• sJiow that these two components are well modeled by a. Monte 
1'arlo thai generates intrinsic kt with a distribution of the form dJV/d-tJ = c""*' 
and then repj-pducro the expected energy and angular resolution of the calorime-
Iry. The mean value of kt is about 5 O V . 

Hcvause there jp a I -channel jxde hi! he cross section, co$B* follows a Rutherford 

tOO 200 300 400 

FijviK 26: The inclusive « u » section from 1.4 p b " 1 of CDF d m . The pre
dictions of QCD (Duke and Owens, set f I structure functions with 
Q1 = 0.5£? and QCD modified by composileneM terms with A, = 0 7 
TeV n d 7.0 TeV. 
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Figure 27: ft) The coordinate system UA2 used to define I, for * dijet system. 
l>) The k,t And c) k^ components as measured by UA2 for dijets. 
The curves are the; results of a Monte Carlo calculation using a mem 
intrinsic k, of 5 GeV. 
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like shape: 

'J'liis shape is the angular distribution expected for a fixed cutoff in parton invari
ant mass and for a fixed lange in the boost parameter fit. The <xperi menial J y 
observed variables in a 2 jut system, however, are T/, and »z, ifn: pseudurapidilira 
of the two jets and pi, the transverse momentuin of one of the jets (the two b.ihimi* 
transverse momentum in the center-of-mass). It is, of course, possible to express 
these experimentally accessible variables in terms uf the orthogonal variables of 
the theory: 

W » t = - I o 0 « = \{Vi+ni) 

s = Mjj = '2pt cosfin*. 

Note that n* is related, to the scattering angle in the centct-of-inasa by the equation 

c o s f l ^ t a n h n : (21) 

The method used to measure costf" is to pick & set uf cuts that jives uniform 
coverage in TJ^OM ^*d i space for a given range ir> >>*- This insures that the 
acceptance corrections are small and not highly dependent un the Vu>o« and .* 
*pectra-[25] Figure 23 show* the measured cosfl* distribution as measured by 
UAl. 

ZA Three Jet Angular Distributions 

The production of three jet events is common at collider energies. These events 
result when a ha. J gluon is produced via initial or final state bieinssirahluiig.[26| 
The three jet fraction is a strong function of the minimum pt cut on the third jet, 
but typically 20% of all jet events show a third jet. 

The scattering of three massless pistons can be deit.^bed by nine independent 
variables. As in the two jet case, there are 3 boost variables {fJMt /?„.and $t). The 
distribution of energy in thecenter-of-mass is described by three internal variable's: 
5, the invariant mass of the three jet system, and x3 and it> the energy fractions 
of the leading and sub-leading jet. In addition, the on rut at ion of the three jet 
system can be described by three Etiler-like angles: 0". the angfe between the 
leading jet and the beamline, 4>'* the azimuthal pusitioi of the leading jet, and 
V'*, the angle of rotation about the leading jet axis (tfJ* :s the angle between the 
plane fonned by the leading jet and the beam line and th«: plane formed by the 
two subtending jets). The angular distribution in <Ais flflt, but the 4" distribution 



> 
UJ 

1 1 

UA1 

' I ' 1 1 1 • 
III 

500 I! 

400 -
i 

ii 
i 
i 

300 V 
i 

ZOO [ 

100 -

Leading 
scaling 

order QCD 
curve ̂  _ J 

I 1 I 

/J 
// 

- Leading order QCD ~ 
including non-scaling 
effects 

l , i , 1 I 

order QCD 
curve ̂  _ J 

I 1 I 

/J 
// 

- Leading order QCD ~ 
including non-scaling 
effects 

l , i , 
0.2 0.4 0.6 

cose* 
0.8 1 0 

Figure 28: The distribution of cosfi' for two jet events as measured by the UAI 
collaboration. Cos(fl*) is the jet scattering angle with respect to the 
beamlme in the cwtet-ot-mass of the dijet system. The curve shows 
the predictions of » itwest order 2 - • 2 QCD calculation. 

peaks at 0° and ISO". This structure is the result of singularities in ilic rr»ws 
section for radiation being emitted along the beanilinc. (The regions of &~ JM-.II 
0" and 180° arr also experimentally difficult lo measure because llie pt of th*r 
softest jet decreases rapidly as Hit- three jet system is rotated into a run figuration 
where the three jets arc planar with the bcamlinc.) 

Because tlic structure nf two and three jet events arc so similar, wn expect 
the scattering angle- of the trading jpt (the highest energy jet in the renter of-mass 
frame) to have a distribution that is similar to the two jet distribution described 
above. Figure 29 shows the comparison as measured by the UA2 collaboration. 
As expected, the shape for both 2 and 3 jet final stale? is dominated by llie 
t-channel pole. 

Figure 3D shown the distributions of the variables xZ and x1 as measured by 
the CDF experiment. The solid tines show Hie shapes tlirse distributions would 
have in a phase space model, while (he diamonds show the predictions of a QCD 
calculation. For both variables, QCD provides a good description of tlie data 
while significant deviations from the phase space model arr seen. These pJols 
indicate that three jet events result from a brernsstrahlung process. 

4 Electroweak Physics 

A thorough study of the standard model requires measurement of the production 
or scattering cross sections for all known gauge bosons. Thus, in addition to study 
jeta, it is essential to identify IV and Z bosons (typically through their leptonic 
decays) and photons. The dominant background for lepton and photon events is 
the tail oF the large jet signal. Typically, rejection factors of 10 s are necessary. 
Such factors are best obtained by coinbiningcalorimctric and trackinginformation 
and by using physics-dependent kinematic and topological cuts, fn these lectures, 
we will give several examples of how such rejections arc obtained. 

4.1 Lepton Identification 

At current collider energies, lepton 3 from thedecay of bottom quarks are produced 
with low lo moderate p,; even leptons from H"s and from Z^s have transverse mo
menta much tower than the typical QCD jets that we study. One of the challenges 
io hadron colliders is to study leptens over the widest possible range of p,. The 
large jet production crow section forces the experimenter to rrjerl the majority of 
background events at the trigger level. In CDF, for example, the elertron trigger 
had a threshold of pi = 12 fieV/r while the jet trigger threshold w;is ;>, = r>0 

http://jm-.ii


2.5 

_ | 20 

1.5 -

1.0 

p 
1 i — i 1 

/ / • UA 2 1 
/ / • 

• 3 jet , 
/ • « 2jat / • 

— g g - sag 

' / - • 

/ 
-

- y i -

- i 
- V • 

- y 
-*-rr* 

0.2 0.4 0.6 

COS 0* 

Figure 29; The distribution of the scattering angle relative to the beamline for 
the leading jet in 2 and 3 jet events, as measured by the UA2 col
laboration. The curve is the expected distribution for the process 
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Figure 30: The dislribulions of the variables i 3 and li as measured by CDF. 
The solid lines are the predictions of a phase space model while the 
diamonds show the QCD predictions. 

-150-



(it'V/c. Fur electrons, this rejection IN Lyjiirnlly done using a calorimctrir trig-
ger tli.it requires a significant localized deposit oF energy in the electromagnetic 
calorimeter with little Iraknge into the hadron compartment behind it. Further 
reject ion can be obtained by requiring a stiff track point at the cluster. For muoiis, 
the technique is to require a (rack to pass through a large number or interaction 
lengths of iron without interacting. The dominant background in this CUSP, is pion 
mid kawi decay in (light. 

4.1,1 Electron Identification in a Magnet ic Detec tor ( C D F ) 

"1 lie CDF centra) electron trigger requires an electromagnetic energy deposit of 
hj > 12 GcV within a "trigger tower" (St) = 0.2, £̂ > = 15°) in association with a 
track or p, > 6 GeV/c, leakage into the hadron compartment of < 10% is also 
required in the trigger. This sample contains significant background from sr°-** 
overlap, early showering charged pions and conversions and Dalitz pairs. These 
backgrounds are rejected in the following manner: 

» Gas proportional chambers with cathode strip readout ("strip chamber*") 
imbedded in the? calorimeter near shower maximum provide an accurate 
measurement of the shower position. Thin position can be compared U> 
the extrapolated track position (as measured using the Central Tracking 
Chamber). 

• Events containing a single charged track and multiple i 0 , a are rejected by 
requiring the transverse spread of the electromagnetic cluster be consistent 
with that expected for an electron- The lateral shape is measured in the 
calorimeter by studying the fraction of the energy deposited in the towers 
surrounding that where the electron candidate hit. A measurement of this 
shape is also gotten from the strip chambers, where a x1 lest to the electron 
hypothesis is made in both the wire and the strip projections. 

• A requirement is made that the track momentum (p) and calorimeter energy 
deposit (£} be consistent (a typical cut is Efp < 2). 

• Conversion electrons and Dalitz pairs are identified using the tracking cham
bers. The CDF algorithm is estimated to be 80% efficient at finding con
versions. 

The eHIeirrwy of the CDF cut* was measured using a sample of IV electrons. 
The \Y candidates were Selected by requiring an electromagnetic cluster and a 

missing transverse ejicrgy of at least '2fi GcV. The high missing Ft requirement 
leads to a very pure signal; the background is estimated t« In* of order \%. Fig
ure 31 shows for this sample the following quantities; 

1. Had ton leakage (£*«{//?,«,). 

2. Transverse shuwrr spread as measured using the calorimeter. The variable 
shown is proportional In the logarithm of the ratio of the observed to the 
expected energy outside the central lower where the electron hit. 

3- The X' distribution fur an electron hypothesis, as measured using the rath-
ode strip? of the strip chambers. 

4. The x2 distribution fur an electron hypothesis, as measured using the anode 
wires of the atrip chambers. 

5. The match (in cm) between the r ^ position measured in the strip chambers 
and that measured with the central tracking chamber. 

6. The match (in cm) between the z position measured in the strip chamber* 
and that measured with the central tracking chamber. 

None of these quantities were used in the selection. The standard electron cuts 
used by CDF are indicated by arrows. Checks of these efficiencies using photon 
conversions indicate little momentum dependence for Et > \TtGrV. 

AH central calorimeter modules in CDF were calibrated in a high energy test 
beam. These calibrations were maintained in situ with radioactive sources and 
light flashers. However, the ultimate calibration of the electromagnetic detector 
was performed using the CDF data itself. First, the energy deposited in the 
calorimeter was compared to the momentum seen in the central trarking chamber 
for a large sample ( » 17,000) of low energy electrons. This E/p measurement was 
used to set the relative calibration of the individual calorimeter modules. Then t 

the overall energy scale was determined by requiring that the Efp as measured 
using electrons in IV - • cf events agree with the predictions of a simulation that 
includes radiative clfccts(scc Figure 32). 

4.1.2 Elec'-.on Identif ication in * non-Magne t ic De t ec to r (UA2) 

The UA2 detector Joes not have a magnetic field and hence cannot use B/p 
as a. tool for selecting electrons oi for calibration. Nevertheless, the experiment 
has excellent electron identification. As in the magnetic detectors, the major 
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mHliixlsfur rejecting background arc I) requiring the electron candidate I™ both 
longitudinal mid transverse shower development consistent with that expected for 
A single electromagnetic show-pr and 2) requiring a good matching between the 
position of llw electromagnetic cluster and the extrapolated track position at 
the face of the calorimrler. In UAS's case this track position is measured using 
a prr.d.oiier converter consisting of 1.5 radiation lengths of tungsten followed 
hy a proportional chamber to provide finely segmented detection. Because no 
tn fiitti calibration via Efp measurements is possible in UAZ, the tracking and 
mi.iiiK'noiiff1 of le<sl Vain calibrations is essentia! for this experiment. UA2 has 
calibrated nil of its calorimeter lowers using 10 OeV election, pion and muon teat 
brains. The estimated scale error for the electromagnetic detector is ±1.5% with 
module-to-modiile variations having a spread of ±2.5%. 

The electron identification described above was sufficient for UA2 to cleanly 
select IV and Z e'ectrons. However, in an effort to improve the background 
rejection for lower energy and less isolated electrons from top and bottom, a major 
upgrade was performed. The remaining background to prompt high pt electrons 
in the original UA2 consisted primarily of JT 0 ** overlaps and Dalitz decays and 
conversions. The upgraded UA2 has improved the background rejection by adding 
the following: 

• A cylindrical drift chamber (Jet Vertex Detector). Its purpose is measure 
lracks close to the beam interaction, point. 

• A highly segmented silicon hodoscope. The hodoscope rejects conversion 
pairs by making a dE/dx measurement. 

• A scintillating fiber detector (SFD). It provides a measurement of the track 
position immediately in Front of the central calorimeter and 5FD serves as 
a preshower counter. 

• A transition radiation detector (TRD). This provides an independent method 
for separating electrons and pions. 

Figure 33 shows a comparison of the chaTgc (as measured in minimum ionizing 
units) observed in the SFD for test beam pions and electrons. Clearly, the two 
peaks are well separated. The additional background rejection due to the combi
nation of all l r A2 upgrades is about a factor of 20. 
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Figure 33: The preihower pulse height distribution of 40 GeV pions and 40 GeV 
electrons a> measured with the UA2 SFD in * test beam. 
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-1.2 Muon Identification ( U A l ) 

Muons in the UAl detector are measured using two sets of chambers separated 
by 60 cm. Each set contains planes of drift chambers and limited steamer tubes. 
The coverage is 10% of the full solid angle and the detector sits behind about 9 
interaction lengths of iron. 

The UAl muon trigger requires a niuon "stub" consisting of at least 3 out of 4 
possible hits in the chamber. The stub must point back to the interaction region 
within a cone of ±150 mrad. The thickness of the absorber and the painting 
requirement translate to an effective pt cut of about 2 GeV on the muon trigger. 

Muon candidates are selected by requiring a good match between the muon 
stub and a track measured in the central drift chamber. For isolated muons, a 
requirement that the energy deposited in the calorimeter be consistent with mini
mum ionizing deposition can also be applied. The major source of background in 
the UAl niuon sample is the decay of pions and kaons. The size of the background 
is quite dependent on the physics process being studied. The background goes 
down rapidly with p,. In addition, since most hadrons are produced within jets, 
an isolation cut will significantly improve the signal to noise. 

In both electron and muon channels, requiring isolation can provide additional 
background rejection for certain physics sigaah. When a lepton is produced in the 
decay of a heavy particle (in this context, heavy means that the particle's mass 
is large when compared to the mean production p*), it will be spatially separated 
from the remaining decay products (see Figure 34). This is the case in W and Z 
decay and in tliesemileplEonic decay of a heavy top quark. This is not the case for 
Lighter particles; eg. the leptons produced in the decay of a b quark are likely to 
be not)-isolated. Isolation is generally imposed on a leptome signal by limited the 
amount of energy surrounding the lepton candidate, for example by placing a cut 
on the amount of energy deposited in a cone surrounding the lepton candidate. 

4.3 Neu t r ino Identification 

Electro weak decays often involve the production of ncutinos. Since these particles 
cannot be delected directly, their presence must be inferred by the presence of 
a large momentum, imbalance in the event. Since any realistic detector must by 
necessity have hules in the forward and backward region to allow the beam to 
enter and exit the apparatus, no detector is capable of measuring the energy flow 
tn the beam direction. Instead, the technique for finding non-interacting neutral 
particles involve the search for large missing transverse momentum. 



r-dorimelric detectors have l],e advantage that they are sensitive boll, to 
charecd and to neutral particles, They therefore are the most safsfactory for 
r i s i n g momentum measurements. Because. « calorimeter measure,, energy rather 
,„.„, ,, ) r,„,cntu.n, the tern, "missing JSi" (fi) » «"»«T "»«' l o d t"':" 1" ! te »"«• 
„i.„dc nf the missing transverse ...omentum. We define the nu»mg transverse 
energy hy the relation 

where the sun. is over towers in the calorimeter and where A, is the normal to 
Che tawer center and is pointing outward. Similarly, the total transverse energy 
in the event is defined to he 

E ^ E I E M I . i m 

Ki.,„e 35 shows an event with larje f, II i» ' wndiJ . l C for thedecay If - «-. A 
high ,„ elrrlrnn is observed in the ealorimeler. No other signal appears to balance 
tlir Irniisvflrsr momentum-

A missing E, analysis is sensitive to all types of detector imperfections. The 
major background for ft analyses are mismeasurcment of jet events due to fin.te 
detector r e l t i o n . loss of energy in crack, and loss of jets down the ? W h , , • 
For both the UAl and CDF experiments, and for the upgraded UA2 detector, 
inisiiiensurrd j.'ls are the primary source ofmissing F„. 

For sampling calorimeters the resolution, in general, scale, with the square 
root of the incident energy (see Equation 16). If the missing * resolution » 
dominated by calorimeter effects, then we would c p e c t the fractional %^reso «t,on 
,„ scaleas USE, The UAl group and later the CDF group have stud.edU.efi 
resolution and have found that this rorm holds. They have therefore defined the 
"missing F-< significance" to be: 

ar _ - A - < » ) 

Figure 30 shows the distribution of missing E, signiRcar.ee for jet events and for 
If candidates, as measured by CDF. There i, a clear separation between the two. 
Typically, analyses that require a significant amount of missing transverse energy 
will require A« > 3. 

4,4 W Production 

Figure 37a shows the lowest order diagram for IV* production at hadron colliders. 
The diagram, for producing a Z° in VP collisions are identical (except for the 
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Figure 35: A W event as seen in the CDF detector. 
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Figure 37: Feynmaa diagrams for vector boson {V) production- *)Tbe lowest 
order Drell Yan diagram. 
b) The next order virtual correction. 
c) The QCD annihilation diagram with gluoa radiation. 
d) The QCD Compton proceu. 



charges or the quarks involved) to those for W production. The W boson is 
produced via q} annihilation (27) and therefore to lowest older, has no transverse 
momentum. Thus, for Ws that decay Icptonically (f«. W -» cv) we find p,. = 
-)7 t , . This feature of If decays can br Been in Figure 38, Here, a clean W sample 
is selected by requiring both electron and neutrino transverse energies above 25 
GcV. It ran be seen from the plot that the electron and neutrino transverse 
pnergie- ire highly correlated. 

Tile next to leading order calculation of the W production cross section (see 
Figure 37b) has been completed and has produced the following results (28): The 
total cross section changes by an overall factor K 9< I + ^Q.(AfJ). In addition, 
the If is no longer required to have zero p ( . A correct treatment of the transverse 
momentum spectrum for IV's requires a non-pcrturbative treatment of multiple 
soil ghmn emission, which is handled via rcsummation techniques.[29J The mean 
transverse momentum of the IV is of order 10 GcV. Figure 39 shows the measured 
W production cross section at SPS and Tevalron energies. The hatched band 
shows the allowed range of theoretical predir lions. The data at both eenicr-cf-
mass energies arJ in good agreement with these predictions. Figure A0 shows 
tf:c transverse momentum distribution of W candidates, as measured by the UA1 
collnboralioii.|30] The thick curve show the QCD prediction (due to soft gluon 
rc$nnni]alio]i}.[2ft) The thin lineshuws an extrapolation of this curve based on the 
ISA.1KT Monte Carlo.|31) Again, the agreement with theory is excellent. 

The angular distribution of W decays is determined by helicity conservation 
and the spin I nature of the IV (see Figure 41). For W'+ production, the e* is 
prefrrentially produced along the 3 direction and the angular distribution in the 
center-of-mass is: 

eV i ( i -f cosfl)' 
d c o a f l ~ ( » - A f » ) » + ( r . A f B ' ) > ( Z 8 ) 

where flfiv and IV arc the mass and decay width of th* W respectively. A 
transformation o[ variables allows us to find the electron p, distribution (here we 
use the lowest order calculation where the IV transverse momentum is constrained 
to be 0). In the cenler-of-mass frame, the e and v are back-to-back and balance 
r>,. Thru, pj = Jssinff1. Changing variables from cosfl lop,, means evaluating 
the .Jacobean 

dcosfl 2 P? 1 2 
-rr = —. i-44-r' = -^-=-s (M) 

apt s J scosfi 
since 

da 3 dcosfl 8 A ( l + c o s 0 ) 2 (30) 
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Figure 38: A scatter plot of f, as a function of electron B, for all W candidates 
as measured by the CDF experiment. 
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Figure 39: The product of the IV production crow lection time* branching ratio 
to electrons as * function of center-ofmatt energy. The batched area 
show* the allowed range of theoretical predictioni. 
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Figure 40: The W trauverie momentum ipectnim. 

-153-



Figure 41: Figure showing how the angular d' V of W borons is affected by 
hclieily conservation. A W* will preferentially decay along the 3 
direction. 

-1 ! 

^ 

ur can write 

where ill*1 term linear in cosfl entirrh due to the fact that (7 and i - 0 roritrilxitr 
equally at any giv*?n p (. Thrrrfnre, the electron |i, $\wctrum fulliuva the form 

dp, ~ cos* "" ( | -4p?/.i)J 

and the cross sec tinn divrrgrs fur 0 = * /2 (and p, ^ vi/'l). This divere/'iir*' r*1 

suits from thr Jacuhcan faruir and is railed the Jnrnbran Prnh. When Kquaf ion '.\2 
is integrated over all values of .i, the* presence of the Urrit-Wignrr removes the 
singularity but leaves a sharp junking at pr = v^/2. Higher order diagrams give 
the W non-zero p* and sm™* out this pcakr 111 order to best drteriniiir the mass 
of the \\\ il is necessary to find H v»riab|r that is less sr-iisitive l<> tin- smearing. 
The natural choke is thr (ranjtrcrffr wow. 

If a IV i.i produced with transverse momentum, this will affrct both drcay 
products equally. Thr ev transverse mass is then defined to be 

"•* = [\pu\ + IftJ)* - (Pi + FZ)\ (33) 

Whim p, nf the W = 0, we find m r TT 2|p,J - 2jp/J and ifajifm\ = hfafrfpj. 
The transverse mass depends on the pi of thr W nnly to order (Pz/Afiv)1. making 
il A more suitable variable for measuring Mw- Figure 42 shows the IV traiisvcw 
mats distribution as nvxAitfcd by CDF- When fillidg Cm lltr IV n u » , CI>F has 
chosen to select a clean W sample by requiring that thr event have no additional 
clusters (in addition to the election candidate) with fCt > 7 (TeV. Thr curve js a 
fit to the data using a model that includes the predicted Qt'D cross section and 
angular distribution and the effect of finite detector resolution. The (preliminary) 
value of the mass obtained in this way i sm* — 80 .0± .2±. f i where the first error 
is statistical and the second is systematic, 

4-5 Z Production 

The production of a Z with its subsequent decay into IWD (epton* provide* an 
extremely clean signal. Figure 43 shown the dilrpton mass distribution for a) 
muons and b) electrons. The value of the mass obtained from combining these 
distributions is 90.9 ± 0 . 3 ± 0 , 2 (JeV where the firsl error is a combined statistical 
and systematic error, excluding UV<TTRU twig* scale, and. the srennd telle*-!* the 
uncertainty in the absolute calibration.(32) Although thr arrurary obtained her** 
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Figure 42: The W transverse mass distribution as measured by CDF. The sample 
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is impressive for a Iradion collider, the mass obtained in e*c~ colliders is clearly 
much more precise. This measure therefore becomes an important calibralinn 
signal for the hadroh machine. 

5 Direct Photon Production 

Figure 41 shows the lowest order diagrams that contribute to the prodnrlion of 
an isolated direct pholou. Hremiae. Uin ghion structure function peaks in the low 
J rcpiwi where On* crow section is latest* the diagram containing an initial gluon 
line dominates at collider energies. The annihilation term [qq ~-* 7 j ) contributes 
only about 20% It) the total cross section, while Ihc Complon term {qg •-» ~iq ) 
tiHitiilmtrs fifl% . Smce the qn,irk structure functions arc known to much better 
prerisiou limn the gluon structure CuncLuiits, the cross section for diicct 7 pio-
ditction (along with a set of <ju<uk structure functions) can in principle be used to 
measure the sLmrLure function of the gluon. In practice, theoretical uncertainties 
exists from two sources. First, nit hough the next-to-leading order calculation has 
been donc,[15) there is an overall uncertainly of about 30% in the cross section 
resulting from the dependence of the result on the scale fi used in the evaluation 
of ci,. Second, there is an additional source of photons, bremsat rah lung from au 
initi.il or final rjuaik line. While Ihr-FO breirtSFtrahlung terms in general produce 
nonisolated photons (events where the 7 is close to some rjadrome energy), the 
overall production rale is large an the tails of this distribution arc non-negligible. 
In spile of these uncertainties., lite direct 7 signal provides and interesting mea
surement that is sensitive to the glmm distribution in the proton. 

At CDF, the direct photon sample is analyzed using pulse height information 
from a set of "strip chambers1* imbedded in the central electromagnetic calorime
ter modules. A multiwire proportional chamber with segmented cathode readout 
is located within each central wlorimeler wedge at a longi'.udinal position cor
responding to the maximum longitudinal energy deposition (shower maximum) 
for electromagnetic showers. The wires of the chamber sample the shower profile 
perpendicular to the beam line (x) while the cathode itrips sample the shower 
along the beamline [z)> In both directions, the sampling size is about 1.5 cm (the 
typical fwhm photon shower profile being 0.6 cm). The signal From an isolated 
photon will appear as a narrow peak in the x and z views and the energy in these 
two views will match.Thc conveision of a T ° will usually appear as a single, wider 
peak since the opening angle is in genera] smaller than the two cluster resolution 
of the fhiitiibrr. 

The general strategy used t<> measure dofdpt for direct photon produrtion 
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is Lu search the central calorimeter for isolated electromagnelie clusters with no 
tracks [minting al them and to then statistically separate *" and f signals using 
the pulse height information in the strip chambers. The strip chamber data is 
used to form A \ 7 indicating the probability that a given cluster is consistent with 
the shape expiated fur a single shower. The transverse shape used in this analysis 
was ttetemmttrd fruiu list beam analysis of electron signals and has been verified 
using IV and Z caudidatLS, The expected shape for rQ clusters is determined 
hy combining superposed lest beam electron showers. A good fraction of the 
" s 0 " sample so produced has a large \ 3 when tested against a photon hypothesis. 
Figure 15 shows the efficiency for having a \ 7 value of less than 4 for both 7 and 
*° events a.s a function of the transverse energy of the electromagnetic duster-
A HtAlistir.il separation between ff° and 7 can be successfully used for photons 
with transverse momenta of less than 40 to SO GeV. Above this momentum, 
the ability to separate the signals is not adequate. (The analysis presented here 
assumes the the background consists exclusively of x°Y Work is currently under 
way to evaluate the effects of rf and multiple r° production on the systematic 
uncertainties in this measurement.) 

The UA2 experiment uses a completely different technique t» find direct 
photons.[33] Here, photons are separated Tor w° and 1; decays statistically using ft 
method based on the probability of conversion in a 1.5 radiation length prcradiitor 
that proceeds the electromagnetic calorimeter. The conversion probability *-, is 
calculated an a function of photon momentum using the EGS Monte Carlo and 
these calculations are checked against electron lest beam data. The conversion 
probability for a x° can then be expressed 

tr=\-l

T^- (34) 

and the fraction of direct photon candidates can be written 

1-, = ^ - (35) 
e* - S 

where a is the fraction of photon candidates where a conversion has occurred in 
the prcradialor. The advantage of this method is that it is reliable even at large 
Pt, unlike the CDF technique which looses resolving power once the two photons 
from the ie° begin to merge. 

The diu-cl photon cross sections for UA2 and for CDF are shown in Figure 45. 
The error bar* include both statistical and systematic uncertainties. The shape 
or the QCO curves represent lhe prediction of the lowest order calculation; these 
turves have been normalised lo agree with the UA2 data- The "K-factor™ needed 
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Figure 45; The efficiency for having a x* value of less thaa 4 for both 7 and r ° 
candidates as a function ol the Vransveise energy ctf the electromag
netic cluster for the CDF detector. 
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photon is plotted as wrell. The curve shows the prediction of a lowest 
motr QCD calculation, normalized to agree with the UA2 data. 

for thin normalization is in reasonable agrciment with iiexl-to-lcading order cal
culations. 

6 Conclusions 

QCD provides an excellent description of the production cross sections for quarks, 
gluons and electovieak bosons. The agreement between theory and experiment 
extends over many oideis of uiBjpiitwb!. Tire SM«ess of the Standard Model allows 
us to reliably predict backgrounds for more exotic process. 
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Applications of QCD to Hadron-Hadron Collisions: 
Theoretical. * 

Ian HinehlilFe 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 947S0 

Abstract 
I discus* wme current problems associated with the applications of QCD to 

event rates in high energy Collisions. Emphasis is given to t he current jimbiguit ics 
and uncertainties that exist in estimate* of ignals and backgrounds. 

1 Introduction 

In these lectures, 1 thai! provide an introduction to perturbative QCD and its 
uses in calculating rate* at badron-hadron colli• *e«. Since QCD processes account 
for most of the background for n^w physfes at such coNJden, H is important to 
understand ihe uncertainties in these p.edided rates. Given the limited time 
available I have had to be selective in the topics discussed.* I will begin with a 
discussion of the one parameter of QCD, namely, its coupling constant, 1 shall 
then discuss the parton model in some detail. After a discussion of the appropriate 
kinemaitcal variables I shall discuss the uncertainties and ambiguities inherent 
in QCD calculation*. I shall then discus* some aspects of jet physics and will end 
with a discussion of underlying (minimum bias) events. 

2 QCD and the parton model 

The QCD Lagrangian may be written as follows; 

- j * i / i + £ * ( » J-WJ)** (i) 
The sum on j runs over quark flavors and, 

r^ = 3.Gi - &GJ - IJA>*GJG£ (2) 
*TKi work was supported tqr the Director. Office of Energy Research, OfftwoFIIigh Energy 

and Nuclear Physics, Divjaon of High Energy Phytic* at the V5 Department of Energy under 
Contract D&ACO3-765FOOO06. 

Tor • mon detailed! discmsion see irf. [1] 
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and 
Dp^dt-igt* <?». (3) 

Here t' arc the 3 x 3 representation matrices and the structure constants fijk arc 

given by [ttJj] - ifijktk-
Apart from the quark masses, which have their origin in the Weinbcrg-Salam 

mode! of weak interaction!), the theory has only one fundamental parameter, the 
coupling constant g. ll in this coupling constant that provides iu with an expansion 
parameter. If calculations are undertaken beyond the leading order in the coupling 
constant, ultra-violet divergences are encountered. These divergence* must be 
regulalL-d and reabsorbed into the fundamental parameters of the theory, i.e. the 
theory must be rcnorinalized and a. renonnalized coupling constant defined. The 
easiest scheme for regulating and denning a coupling constant is the modified 
minimal subtraction scheme (MS) [2]. The ultra violet divergences are regulated 
by calculating with the theory in n dimensions [3] . 

In order to understand the procedure, let us calculate a physical process 
P{Q7)t which depends on some energy scale Q\ P could, for example, represent a 
cross-section. \t is convenient to choose the quantity J* to be dimensionlcss; this 
can always be done by multiplying it by an appropriate power of Q> If we neglect 
quark mosses, calculate in n dimensions then 

P ( C ' ) ~ [ ^ - A l E + Alosiix-Flv.Q',!!)]. (4) 

Here A is sonic constant and F a function that is finite when n = 4. The scale ft is 
introduced so that (he coupling constant g remains dirnensionless in n dimensions, 
vi:., 

9-+Wl4-n)/1- (5) 

The ultra-vioIeL divergences appear as singularities at n = 4, The MS scheme is 
defined by removing the terms of the form l / ( n — 4), f£ and log 4*. Then P has 
the form 

p«n=F(eV/iV). (6) 
I have replaced g by a: a = g^/An and the coupling constant is now in the MS 
scheme. The scale /i is arbitrary so that a physical quantity cannot depend upon 
As value 

S - m 
which implies 

Here ft(a) is defined by 

«->»*•£. (0) 
We can introduce a momentum-dependent coupling o(() via 

r(() dp - m m 

where t — kgfQVf 3 ) - Then Equation 8 has the solution 

F(£ , c ) = f ( 1 , 0 ( 0 ) . 0 1 ) 

Hence the only dependence on the scale Q or t is carried by a[t). We can expand 
f3 as a power scries in a. 

*~>z-Kr+- < I 2 » 
Hence n((JJ) hw the following form: 

" ^ - S £ i i ? 7 J P ) + "- < 1 3 > 
Here 5 = 11 — 2n; /3 where n/ is the number of quark flavors with mass lew than 
ft. We can regard the fundamental parameter of QCD either as O(QQ) ur AH the 
scale A. Notice that as ft become* small, o becomes large. Therefore, perturbation 
theory cannot be used to discusa processes which involve momentum flows as small 
as a few times A. 

Other renornulilation nchemes are possible, fct example one could not sub
tract the 1E and log 4* terms. A physical quantity is, of course, independent of 
the renonDauzalion scheme. However, if the perturbation series is terminated at 
some finite order in the coupling constant, the values of P (P/f) calculated to this 
order in two difference scheme* will differ 

PN(&) * PN{<>) a Jfc(fi) + tya"*1) m (14) 

Since the coupling constant of QCD is not very small and most processes arc not 
known to a very high order, these difference* can be significant. 

As » specific example of QCD process, consider the total cross-section for 
e + e ~ —* hadrona at center-of-mass energy <J&. In the one photon approximation 
(see Figure I) this is given by 

aTeJX 

°~~~j? D2*)'%-*.){0|j,.|n)Mi,[0) (15) 



where j„ is the electromagnetic current oF the quarks 

Jii = 5Ie^1 f

(iVv (16) 
i 

If *i» introduce the photon «IF-cTiergy function TV* 

IU(c) =l/d ,re i"(0|T(j J i(i)j > ,(0))|0). (17) 

Defining n„.k(o) = (ft,,,.,7 - «„»„) = IK.*?1) then 

eA.j = i 5 ^ i a / m n ( s ) . (18) 

A dimcnsiomess quantity is fl(s) defined by 

*W - , /""' + . • (19) 

The previous argument implies that B = J?(o(s)). If we calculate J? using per
turbation theory we get 

*=I>?(.+ ? + *£)\. .) (20) 

where the sum runs over all quarks (electric charge e,-) of mu* less than i/*/2 
and D is a. scheme-dependent constant which is small in the ii73* scheme [4]. 

In order to discuss processes which involve hadrons in the initial state, we 
must discuss the parton model. Consider the case of dec trim-proton scattering, 
where the cross-section can be written « 

*_ . *r£. \^vt^{i^ + ( ) _vm[x^}_b,,,,,^,] 
(21) 

The variables are defined as follows (see Figure 2): q is the momentum of the 
exchanged photon and P is the momentum of the target proton and k is that of 
the incoming electron 

y - g 
s = 2p • k + mj 

(22) 

Figure 1: Feycunan graph for e +e~ —* hadrona. 

t i 

Figure 2: Diagram Illustrating the variables in deep inelastic scattering (• 
Equation 21): electron + proton -• electron + anything. 
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where rnp is the proton jnftfifi. I have neglected parity violating effects which arise 
from tho exchange of a Z boson instead of a photon. 

In the naive parton model the proton is viewed as being made up of a set 
of non-interacting partons. The structure functions F\ and F3 are related to 
the probability distribution 47,(1) which represents the probability of finding a 
parton of type 1 (quark or gluon) inside the proton with fraction x of the proton's 
momentum, and the scattering cross-section for such a virtual photon from a 
parton: 

where Cj is the charge of parton of type t. The 6-fanctk>n appears from the cross-
section (orq-^-j -* q and corresponds to the constraint that themassless quark in 
the final state is on mass*shell. Let us consider QCD corrections to this scattering. 
At next order in a,, there are contributions from gluon emission which lead to the 
final state q-\~g and also from virtual gluotia (see Figure 3). To order a, Equation 
23 is replaced by 

with 

and 

for 2 ^ 1 . Here t = loglQ^Jt*1) *nd *J« *cale ;i has appeared from dimensional 
regularization (1 have dropped terms proportional t o l / ( n - 4 ) ) . The ft dependence 
arises because a, is not finite in four dimensions. In the cases discussed previously, 
the divergences arose from large momentum flows inside loop diagrams (ultra
violet divergences). In this case these divergences cancel. Individual Feynman 
diagrams can also have divergences when momentum flows become very small 
or particles are coUinear. The former (toft) divergences cancel between the real 
and the virtual diagrams but the coliincar ones do not. It is these divergences 
that appear as singularities in the calculation of F, arid are responsible for the ft 
dependence in Equation 25. In order to see the origin of the problem consider the 
graph of Figure 3 and work in a frame where kM = (£,£,0,0) , 

If the transverse momentum of the gluon (p) relative to Jb ts small then we 
can take p = (qk + A^/2nfc, r/A-, k± 0). (Terms of order *£ are neglected.) The 
internal quark line now had invariant mass squared r a = (Jfc — p ) a = fc^/y,so that 

o/vu 
»r 

S 

9 

Figure 3: DUgwn contributing to the process g + 7 - , X at order < 

on/v-

9 q 

Figure*: Diagram i b o n n g £ - | . 7 _ , 4 + ^ 
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the squared amplitude from the graph will contain l /A | . Now, at very small k± 
hclirity conservation forbids the emission of A real gluon from a quark line, so that 
one factor of k\ appears in the numerator- We now have for the total cross-section 
9 + i ~* o + anything, a contribution 

whirl) gives rise to a logarithmic singularity. Notice that for a massive quark the 
singularity becomes log(Q 2/mJ). 

We have obtained a result which depends on ft (or contains the large 
log{Q3/m^) if quark masses are retained). This is not physically meaningful. But 
Equation 24 contains the unknown quantity o,(y). We can define 

•(..tj-.w+gjT'fu.w.g). m 
Jlnicc fi-?r-^wK=-')+s/e)]+^. » 
The ( dependence can be eliminated at the cost of introducing a {-dependent 
structure function. 

I have so far considered an oversimplification of the true problem. To order 
a, there is an additional pai-tonic process, natndy gtuon + 7 —»<f + $ (see Figure 
4). This process also contains a log (QV/ j l ) arising from the propa^ lion of the 
internal quark close to its mass shell. This singularity results in the replacement 
of Equatinn 24 and 25 by 

Fii*.t) = sl * [&«?«(») (*c;)+s (»P„<;,+/,[*)] 
+ ( E . < ? M » ) S [ " , « O + « ; ) ] ] 

with P„(x) = l/2(r* + (1 - i ) 3 ) - The ( dependence can be absorbed by defining 

».(x,i) = «(*-) + %tJ\qi[»)P„f-) + 9[V)P„ty)?jL {30) 

so that the quark and ghion distributions fa(x) and 9(1)) are now coupled. This 
equation can be recast in the mure familial form (Altarelli-Parili equations) [5] 

^ ^ / ; ( I , f e » ^ ) + ^ p , ^ ) ) f - (3,, 

The equation for the evolution of the gtuon distribution is 

Given data from which $( r > 'a) * n ( ^ $('» to) c * n be obtained xs functions of a; for a 
fixed fa, these equations for the evolution of (j(x,() and g{x,t) with t can be solved 
to obtain them for all I, Note that structure functions at i , and tt depend only 
on those at x > x . provided i ; > t0. Since these equations an: valid only to W e s t 
order in a«, fa must be sufficiently large for at(t0) to be small enough so that 
the perturbation series can be trusted. If the equations ire used to extrapolate 
to t > tg the series will become more trustworthy. The order a] terms in the 
AlUrclli'Parjsi equations are known and are included in some parametcrizations 
of fl,(x,0 (see below}. The structure functions fall to zero as x tends to 1 (sec 
Figure 5). 

Before leaving the Altardli-Parisi equations, I would like to discuss the be
haviour of the structure functions at very small values of J . A S the energy available 
increases it becomes possible to reach smaller and smaller values of x at fixed Q1. 
Consider the behaviour of the gluon distribution at small x. We can neglect the 
generation of gtuon* from quarks since the gluon density It larger at small x (sec 
Figure 5). The Altarelli-Paris! equation simplifies to 

Furthermore i » ( x ) may he approximated by 

Equation 33 can be recast as 

Here I have eliminated flifa3) using Equation 13. Equation 35 can be solved to 
•jve 

lafj-.O1) ct erp^lcgllMloglosiQ")). (36) 

The growth of this at small z is very rapid. It is eventually cut off when 
the equations break down [6]. We can estimate the position of this breakdown as 
follows. "Die Altarelli Parisi equations describe the growth of incoherent parton 
showers: the shower initiated by otic parton is independent of that of the other 
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figure 5: D.agram showing the behavior of the quark „ d glue distributions 
as functions of i for various g'. Plotted » */<*) fa # m M i ,„„!„ 
and anttquarks [summed over quark flavors). The solid (dotted) lines 
correspond to the structure function! of Reference |24]([20]) at Q 3 « J 
GcV. The duhed (dot-dashed) lines correspond to these structure 
functions evolved to tj' = 25 GeV using QCD. 

parloni- This assumption must eventually break down. Let us view the proton 
in a frame which is moving extremely flit, the appropriate frame for the paxton 
picture. The proton looks like a pancake with area l/m%. Viewed on a scale Q7 

it contains a set of partons each of size I/Q. The fractional area occupied by 
partons is 

^ = 1 . (37, 

Provided this fraction is small the parton* are not densely packed and the inco
herent aprjroxifiiation is correct. If the fraction ia of order one, the incoherent 
approximation breaks down and the growth of gfaQ*) is cut off. 

A vital property of QCD is that the distribution functions defined by Equation 
28 are universal. In order to illustrate this, consider the Drell-Ysn process in 
proton-proton collisions. In the naive parton model, the cross-section for the 
produclion of a |i4|i~ pair of invariant mass Af in a proton-proton coUition (the 
DreU-Yan process) with total eenter-of-mass energy iji is given by 

MP ~ SAP» /*i«!riE*(*d*{aa)«?«*-ir» - AfVs) + (1 *» 2)]. (38) 

Here <p • an antiouark distribution. The fundamental process is quark-antiquark 
annihilation into u"*>~. Consider the corrections to this at order a*. As in the 
case of en scattering these can involve either virtual or real gluons (see Figure 6). 
These corrections modify Equation 38, rir, 

•£p -|ft/frfrlWwMM*.> + l>**» 
[«[. - *)+m - tjsp/wwr+rwi] 
+Ei «?<*(*.) + *v*i)K7(l) + (1 *» 2)1 

Wl-*)Sf[i't.W + /-W] (39) 

where i = M*J[MXIZI) [7]. The last part of the expression arises from the process 

If ire replace j(r) by n(x,«) denned by Equation 28 then the resulting expres
sion will have no f*s appearing explicitly, viz., 

as*=f^/^> ii['k( i'.')*(*i,«)« ii*i-Jw J/*H<i «*2)+o(Q.w3))i 
(40) 

where the order ft*(Qa) tenni contatin no power* of I. This aibcorption of the 
nngubr terms ink q[x,t) is known u factorization; it is a universal property 



Fi ;>;« 6: Feynman priph fflustrat in* an ot v or, contribution to the Drell-Yan 
process (see Equation 39). 

wlild. {tursntee*. that hard processes can be reliably calculated in perturbat.ve 
QCD and thsl the same set of structure functions should be used for all processes 
[8J. 

In summary, all crost-iectiona involving tbe transfer of huge momentum 
(greater than 10 GeV) or the production of heavy particles can be calculated 
using the parton model. The cross-sections axe,'' m by 

where the sum runa over the parton types (quark* md gluons) and oiy is the 
cms-section involving parte™ that is calculated using |.«rturbative QCD. Many 
parronkrxooe»te*involve2^2pro«w»ofth£typea-t-b-->c<t-a'. In these cara 
is is useful to write the partonie crosa-section in terms o. Malnlclstam variables: 
* - if.+J*)1, * = (ft - PA\ »nd « - (ft - M'-

3 Structure of hadron-hadroa events 

Particle production in tp interactions is best described in terms of a particles 
transverse momentum (ft, a two dimensional vector in the plane orthogonal to 
tbe beam) and its rapidity. The latter is defined by 

-S«f±3, 
where Pi is the component of the particle's momentum along the beam direction. 
Abo useful is the paeudorspidity (n) defined in terms of the angle that the particle 
makes with the beam (>) by 

i, = -log(t<mW2). (« ) 

For a maailess particle IJ - y. For a particle of mass U, the maximum rapidity is 
ynu = logbfi/M). In terms of these variables the invariant phase space element 

" *P 
-£=ptdp,dyi^ (-14) 

where 4 is the azimuths! angle and p, = \P,\. Rapidity is an additive quantity in 
the following sense. If a particle A is produced with rapidity yA in the pp center-
of-mass and decays so that one of its decay products (fl) has rapidity yg in the 
rest frame of A, then the rapidity of B m the pp center-tof-maas frame is yA + yp-

The dominant part of the cross-section inpparpf collisions at currently avail
able energies consists of production of particles (so called minimum bias events) 



thai are distributed approximately uniformly in rapidity and have a transverse 
momentum ipectrum that falls rapidly with increasing p,. At ifi increases from 
630 GeV to l.g TeV, tie iveragc value of p, rite from 432 ± 4 UeV to 495 ± H 
McV, wink dn/drf incrcaKi by a factor of 1,17 ± 0.4 from iu value of 3.10 ± .15 
at 630 GcV|53], 

The production crat-tcclion toe hetvy particles at htdron cailJcrt iitlio flat 
in rapidity near y = 0. Tike reason for thia can be understood from the example 
of W production, tike cross section for which has the following form 

da •vdi|d*w(ii.*'i.)g{iji AfArJititii - JWS-/»). (45) 

Tlie longitudinal momenturr of the W is (i, — xi)Ji/2 and its transverse mo
mentum is zero. Hence If we define T = xtXj, we can write z\ and *a in terms of 
the rapidity (yu/) Df the IK* 

t , - vfe*"-, i j = ^fe-«* (46) 

and dxiixt — dyu'rfr. The structure functions can be parameter!led approxi
mately by i 

/(*)«. j ' ( t - x ) * . (47) 
Hence 

_ „ ,-(1 + T _ vTcoshv,,.)1. (48) 

Hence da(dyw is almost constant if V^cunl/Hr:^0.S' [n the case of W production 
the Tcvat.on y/f ~ 0.04 and hence do[dyw should be approximately flat for 
hvl &\ .5. Figure 7 shows the cross section. It can be seen from this figure t'<at the 
naive expectation it i- zgectment vrilh the exact calculation, 

4 Uncertainties in Predicted R a t e s 

I will now turn to the errors and uncertainties inherent in QCD predictions at 
hsdron-hadron colliders. In order to calculate a croas-sectKTi, one needs; structure 
functions; a,\ the partonic cross-section and a jet definition if the process hat jeta 
in the final state. The current value of Ajjs quoted by the Particle Data Group[10] 
is I80±B5 McV. Tile corresponding a,(Q) is shown as a function of (J in Figure 8. 
It can be seen tint the corresponding uncertainty in a. ii order 15% independent 
of (?- Since a cross-section for n jets in a hadron-hadron collision is proportional 
to o j , it will be uncertain by n X 15%. The tituatior- is slightly better in t*c~ 
collisions where Hie uncertainty is of order (n — 2) x 15%. 

10 1 F-r r—i 1—^ 

s io-i -

Figure 7: Figure showing the cross-section da/dlflv for the production of a IS'* 
as a function of the rapidity of the W* in pf interactions at y/i = 
l.STtV. 
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A detailed discussion or the determination of the distribution functiona and 
an estimate of the error* in them can be found in Ref. (11). The existing pa-
ramclerizalions arise from fits to deep inelastic scattering data (with occasional 
input from Drel lYan and photon production in hadron collisions). One of the 
major difficulties with such fits is the systematic disagreement between different 
dnta acts. Thin problrm is illustrated in Figure 9 which shows a comparison of 
F i U . c y ) at measured by EMC[12) , DCDMS[13] and S L A C [ H | data on a hydrogen 
target. T h e E M C and B C D M S experiments cover the same kinematic range but 
do not agics. B C D M S is higher at small z and lower at large x than E M C . The 
ratio of them is approximately independent of Q'. I t is not clear which of these 
data provides a better extrapolation of the S L A C data into the range of larger 
Q1. A comparison oT the EMC[ IS ] data on an iron target wi th the B C D M S ( I 6 | 
data on carbon reveals similar systematic difference*. T h e results of these two 
measurements sliow systematic differences that are larger than the quoted errors 
[17). When using these data to extract distribution functions, a choice must be 
made between them. 

There arc many arts of distribution function* coming from fits to the data 
using kw«st order Q C I J . T h e most frequently used of these are the two arts of 
Duke and Owens [18] ( 0 0 1 and D 0 2 ) which were baaed on data from E M C {15], 
SLAG (14) and C D I I S [20] (25) (the latter were renormaliwd in i n a t tempt to 
deal with the systematic differences in the data sets, see above), and Eichten cl 
«f. (19) (E I ILQ1 and EI1LQ2) based primarily on the C D H S data [20). These 
pairs correspond to different shapes for the gluon distribution and consequently 
different vrJues of a , (or A ) . As usual, the gluon distribution with more support 
at large i (harder distribution) corresponds to the larger value of a, (E I1LQ2 and 
D 0 2 ) . Parameterization! of these distribution functions are given in the papers 
and can easily be applied to a variety of other processes. 

Recently, fits using next-to-leading order Q C D have emerged. Diemo2, Fer-
roni, Longo and Martinelli ( D F L M ) [21] used neutrino data from D E D C [22] , 
C C F R R [23], C H A R M |21] and C D I I S [20] [25]. T h e y also provide different fits 
corresponding to different values of o* . They give sets of distribution functions 
corresponding to a range of A 1 v i j A = 160, 260, 360 M e V . These fits are used t o 
estimate the uncertainties in top quark rates at the Tevairon and 5 j $ S colliders 
[26]. 

Mar t in , Roberts and Stirling ( M R S ) [27] have used E M C data together with 

'Here we are fluorine a A (hit eomaponoi to4 flavors, *fl the rsnae m«k«in < Q < n u » 
thtfoimijlsroro.is<..[(?')» B B ^ n j I l - J g ^ f ^ l See r e t r i e s (10) (brasonrnuy 
of the behavior of this formula as a threshold is crawrd. 
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Figure 8: Figure showing aJLQ) as • function of <?. T h e solid line indicates the 
central value quoted by the Particle Data Group[10). the dashed lines 
indicate the range of uncertainty. 
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Figure 9: A comparison of Filx.Q1) measured in muon scattering from a proton 
target from the BCDMS[1S) (dosed dots) and EMC[) i) collaborations 
(open circles). Also shown are data at small Q' (boxes) from the 
electron scattering experimentjM] at SLAC. 

that from CDH3W and CCFftft to which they apply a renormalization oT older 
10%. to remove the systematic disagreement with EMC. They present three fits 
Uial differ in the form of >./T,Q1 = AGcV). 

* s ( x , Q ' = 4'CtVJ) ~ ( l - i ) 5 ( « U ) 

~ ( 1 - * , « < • + 9 * ) (act 2) 

~ i - ' » ( l - I ) < ( 1 + 9 x ) (set 3). (49) 

They then IIK data from J/ty production [28] and photon production [29] at 
large transverse momentum, processes that are sensitive to the shape uf the gluon 
distribution (see below), in an attempt lo distinguish between the sets. They 
conclude tliat the soft gluon distribution of stt I is preferred. 

Set I has been[30] refitted using the BCD MS [13) |IG] data instead of EMC 
[12] [IS]. Here they find that the neutrino data and BCDMS ate compatible and 
that a renormalization of the former is not needed. These authors have-compared 
th« predictions from these two gets of distributions with the data on Drell-Yan 
production at the ISR [31]. The BCDMS fit is preferred, but the order o , QCD 
corrections to the Drell-Yan rale are quite large [7] and tlic a* terms are not 
known so any definite conclusion secrns premature. 

Exit ing dcep-ineUstk scattering data do not extend below x ~ O.Qt wi*l 
rover a very small range of Q 2 at small r. This is a potential problem since for 
some applications it is necessary lo know the parton distributions in this region. 
Recall that l |Xj > i / a where a (a) is the center-of-mass energy squared in tire 
putun-parton (hadronhadron) system. It is traditional to assume that tlie gluon 
distribution obeys 

l i m i a ( r , Q j ) = const. (50) 

for some scale Qa of order a few GeV. However this form is unstable. When 
evolved to higher Q2, it develops rapidly into a steeper form (see Figure 10). As 
we have seen(sec Equation 36) at very small z and large Q 3 , it is passible to solve 
the Altarclit-Parisi equations analytically. This solution is singular as x —• 0. U 
is also possible to sum to all ordefa in a , the most singular terms at small x and 

•Q*. This gives 
J i m !!!{:.<?) - X-' (51) 

where, 6 ?= 12a* log(2)/r, which U *n even more singular form [&]. It lias been sug
gested (C) that One thould use A form for xglx*Qa)that » more like ihca&ymiilotic 
form' 

T 9 ( * , Q 2 ) ~ l / v G <K8) 



Figure 10: A companion of the gtuon distribution* for fixed Q J as a function of 
r. The edid lines are EHLQ Kt 2 and the dashed are EHLQ? (see 
text). The higher (lower) curve at imaU * corresponds to Q* - 50(5) 
GeV 3. 

is most commonly used. This argument provides t l« motivation Tor set 3ot the 
MRS structure functions. It is not clear that this form is a better assumption 
than the traditional one, or below what value of T this form should hold. Notice 
that the momentum sum rule provides almont no constraint since the amount of 
momentum carried by gluons in the region z < 0.01 is small, whichever form is 
used there. Figure 10 compares the resulting gluor distributions at higher Q2 

that evolve from different form!* at AfJ. The two starting forms axe equal for 
x > 0-02 {Ql = SGeV3) and have the forms of Equations 50 and 52 at smaller 
z; the first of these ts the EHLQ set 2 (see above). We will refer to the oilier 
as E1ILQ2* and will use it below to illustrate rates from such an extreme choice. 
As can be seen from Figure 10, the differences become less important at large 
Q1. Tlie uncertainties in predicted rates due to the small 2 problem are tliereforc 
Kf jou* only for processes sensitive to small x and small Q7. 

In order to assess the uncertainties in predicted rates quantitatively it is 
necessary to have set of structure functions that take into account the errors in 
the data that were used in making the fits. In the absence of such fits, one 
Can attempt to estimate the uncertainties by using a range of structure Tiriirtinns 
that are compatible with existing data. Figure 11 shows the cross-section for IIH* 
production of a photon at large transverse momentum. The relevant partonic 
processes a r e o + v — * 1 + ?*nd 9 + ? -» 7 + g. It can be seen from this plot that 
the uncertain ties aMOcfrtcd with the choice of structure functions are of order 
25%. 

Even if the structure functions .uid o f were known exactly there would be 
tome uncertainty in the QCD rates since the choice of scale Q at which tlwy are 
evaluated in Equation 41 is arbitrary. If the partonic process were calculated to 
*JJ orders in o , then a change in Q would not change the result; it would merely 
adjust the relative s L « of the different terms in the o , expansion. To MV this 
note tint 

•n _ 2 / 

°AW = ".«)(! - —•^J-^[QI<t}"AQ) + 0(o/<?)'» (M) 
and thai (see Equation 30) 

S{x,tf*) = f{x,Q2) + 0[ot{Q)). (5-1) 
Hence, a complete discussion of the Q2 dependence of the calculated rates is only 
possible for processes where the next-to-leading order corrections to the p&rtonic 
rale [a) a known- In the absence of such information one can vary Q2 over a 
reasonable range *nd estimate the change in the predicted rate. The scale Q 
should be of order of the momentum transfer in the hard scattering prncem. For 
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Figure 11: The cross-section oV/ffftdu for the production of a photon at y = 
0 in py collisions at ifi = 1.8 TeV for M = /i = ft. The solid, 
dashed, dotted, and dot-dashed lines correspond to MRS2, EHLQ2 
and DFLM (A = 260 MeV) and EHLQ? distribution functions 
respectively. 

example, in the case of IV production ii should be of order the It' mass or, in the 
case of photon production »l large transverse momentum, it '.iould be of order 
Pi-

One would expect that the Q' dependence of an estimated rate would be 
reduced if the next order corrections to a are known. Keith Ellis will discuss this 
in (lie context of the production of top and bottom quarks (32). Here I will discuss 
the transverse momentum distribution of I f bosons. The lowest order process 
that contributes to the production of W boson* is gg -» W. Since the incoming 
partons have very small (leas than a lew hundred MeV) transverse momentum, 
this process can only produce W bosons with very small transverse momentum. 
There are two processes at order a. namely otf -* IV + g and oq -• IV + q tint 
can produce H"s at large ft; the transverse momentum of tlie II' is balanced l.y 
that of tbe outgoing quark or gTuon. The rate from a? is given by |33) 

<fp,oV A . . . M + W - A / £ . 

with 
~ * f - ( l - * ) * / £ , 

1 1 = M + u-AfJ. 
x^. = -u/(a +1 - Mi,} 

, - . 2iram.Q.(03) (< - Ml-? + (u - Af,V)' 
a ( 5 ' ' ' u ) = 9 s h . W s ^ • 

Here the hatted variable* apply to the parlous and the un'iatted to the hadrous. 
The IV is produced with transverse momentum ft and rapidity y. * The rate 
from the oa initial state can be obtained from this by crossing. At next order on 
QCD there are contributions from oj -» t f jo for example. Tlie rate from all of 
tlie order oj processes has been computed [34) and is shown in Figure 12 as a 
function of Q tot p, = lOOGeV a t . / I = 1 5 TeV in pJS collisions. If Q is allowed 
to vary over a reasonable range from ft/2 to 2ft, it can be seen from this figure 
that the lowest order rate varies by a factor of order 1.8 while the order o j result 
changes only be a factor of 1.3. This result is typical and is to be expected if tlie 

iSince [he IV » oUernd vis it* decsy to tu wort useful enrtrimcnully t. the craun«<ioii 
(or fixed tflomeMUTnof Ibr t. Thia is obtained by Mini the matrix element lor tJti\,)+ d{pj) — 
«iP.) + S(/v) + lip,) •luob • (iven summed (avcrafrd) on foil (initial) spins and colors I.) 

. . . .j , C r , , 2048o,Afjt,T (fyrQ'-i-uW 
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Figure 12: The dependence of the crou-ieclion oV/ifp? foe tbe production of * 
W boson with p, «= 100 GeV in ff interactions at -Ji m 1.8 TeV upon 
the scale Q. The solid (dished) line is the order a, (o£) result. The 
DFLM (A = 260 MeV} structure functions are used [21] [34]. 
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tjCD perturbation theory is reliable. (Bottom quark production at the Tcvatron 
is an exception, here the Q dependence ircreascs in next-to-lcading Older [32].) 

To summarize, for a process that does not require the definition of a jet the 
uncertainties on the cross-section are of order 2595 from structure function* (more 
if the process has a partonic ccntcr-of-mass energy that is less than About 40 f ;PV 
•nd a value of i /s less than about I0 _ < ) , of order 50% from the dtoicc of Q1 scale 
if next-to4cadiug order QCli effects are not known and order 15n% if the par tonic 
process is order a*. In the cases where hadronic jets are measured it is necessary 
to define » jet. 

5 J e t s and their Definit ion 

It is well known from the analysis of e+e~ data that the details of jet frogmen tatio.? 
and of the experimental jet finding algorithm can significantly efwet any detailed 
interpretations of jet measurements, and, in particular, of attempts to use such 
analyses to extract the value of a. [35). 

The products ffom a partonic hard scattering event can include quarks and 
(doom as well aa photons and IV bosons. While the latter can be observed directly 
in an experiment, the former cannot. What is observed is a narrow jet of hadronic 
particles whose direction and total energy correlate with that of the produced 
quark or gluon. The simplest model of such a jet is « follows. Consider a quark 
with four momentum [E, P,0,0). This will fragment into n hadrons with momenta 
(^.Pi,P<i=»<i,ftiSm*)- The distribution of particles is tiien given by 

SJ^-^/fcJe-* ( 5 6 ) 

where the rapidity distribution / ( y j is approximately constant out to its maxi
mum value (|r„„ ot logE) where it falls rapidly to zero. This model predicts that 
the jets become ntr n as E increases since the average value of p,, does not 
increase while the average value of the momentum (pj parallel to the quark direc
tion does. Furthermore the average multiplicity of particles within a jet (< n >) 
will be proportional to lagE- The average value of the transverse momentum is 
of order 300 MeV which is similar to the scale at which a,{Q*) becomes large and 
QCD perturbation theory can no longer be used. 

This simple model provides a reasonable description of jets at F S 
GeV. At higher energy the width of a jet expressed in terms of its opening angle 
* does not decrease as fast with energy at tbe naive model indicates. (The model 



predicts tan6 •** ^jp*-). In order to understand this let us consider e+e" 
annihilation into hadrons. 

At lowesL order in QCL o 0 , the final state consists of a gq pair Mid one 
would there/ore naively expect to find thai the final sute was dominated by 2 -
jcl events. At next order we enn get a state with an additional gluon [terms 
of this type contribute to the orris. at terms in Equation 20). Since the quarks 
and gluons hadronize into jets of pal'ides, this would seem to imply that the 
ratio #(3jets)/#(2jets) should b- of order a,. This is only partially tiue since 
it is necessary to define what is meant by a jet. Consider the fhvJ state of 
two quarks and a gluon illustrated by figure 13. The Peynman gra^h contains an 
internal propagator which gives rise to a factor of l/(pa •+jk)'; this factor becomes 
singular when either the gluon becomes very soft, i.e. ps —* 0, « when it moves 
parallel to the outgoing quark pj. In the calculation of ihe inclusive cross-section, 
these singularities we cancelled by (.he divergences also present in the radiative 
corrections to the final state of quark and antiquark (sec Figure 14). 

These soft and colli near divergences correspond precisely to those parts of 
phase space where a detector would only detect two jets. Consider an idealised 
detector consisting of a set of elements each of which covers an angular cone of 
opening angle 6 and has an energy threshold t, This detector will he incapable of 
resolving two jets if one of them it very soft (energy t or less), or if the two jets 
have an angular separation which is Jess than £. We can define the / La be the 
fraction of total cross-section in which all but a fraction e of the total energy i« 
deposited into two cones of opening angle 6. Then to order att 

0-/)-fi=a ( 5 7 ) 

provides * definition of the three jel fraction. 

We can calculate this fraction as follows. Working in the center-o£-mass of 
the e + e " system and defining i , = 2 £ j / v l S , where E, is the energy of the outgoing 
iuarkarantiquark{see Figure 13),the differential cros*aection for the three parton 

<U stale can be written as 

<T„., dnrfrj 3* (1 - i , ) ( l - u ) • t M ) 

Notice th. 'his is singular when either xj or x3 is zero which correspondc to the 
configuratio, 'here the gluon is son (xi ~ j j -* 1J or hard Mid parallel to one of 
the quarks (eh. • i , ~ 1 or i j ~ I). Hence [36] 

(1-/) = ' J ^ _ 

Figure 13: Feynman diagram .bowing . contribution to the three Jet lina! .tate 

described by Equa'.ion 58. 

Figure 14: Feynman diagram ahowin;j a virtujl correction to the total cross-aec-
tion in e + e~ annihilation. 
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- l i 

= ^(Host l / iJ /ogf lA) - 3(09(1/6) + Sf3 - 7/4). 

Notice that as « and $ become very small the logarithms in this expression 
can become very large. Ultimately the perturbation expansion in a, breaks down 
since there are terms in ttext order which are of order o'Jwf'O/i). Since tliis a 
not small compared with aBfog{\/6), the expansion is not reliable. The situation 
can then be improved by rcsumming these large logarithms to all orders. 

The "fraction of three jet events" is therefore seen to depend on the j-nt 
definition. Furthermore this result showi that jets shrink only logarithmically as 
tire energy rises (recall that ar fall logarithmically with tlte energy). Another 
example of a jet definition in e*e~ is as follows (37}. Suppose that n panicles are 
produced with momenta p, and Form the invariant mass of pairs of parl'irKi: 

JI/5 = ta + Pi)*. (59) 

If Mij < M„A then combine particles i *:,d j into a pwudoparticfc a: pa — p, + pt. 
There are now n — 1 - pirt icW'. Iterate the procedure until no more particles 
can be combined. Th number of jets in the event is then equal to the number of 
remaining paeudoparticles. Then the n-jet cross-section varies as 

<rn ~ uf-^Jlf^WlrfifMe*) . (GO) 

Hence if M^ is held fixed the 3 jet fraction will increase with i/s. This is illus
trated in Figure 15. 

In a hadron-fcadron collision the total energy in the parton scattering is not 
known a priori and hence the parameter t is irrelevant. One could define jets in 
terms ofafixwi regular cone. Experimentally and theoretically the be«t definition 
is in terms of a cone in rapidity and azimuth. Choose some direction thm define 
the energy of a jet in that direction to the energy inside a cone of fixed AR defined 
by 

AA » / { « * ) * + (Anp (CI) 

where A £ and An are the distance of tlw energy flow from the jet direction in 
azimuth and rapidity. There » some minimum value of AJ7 that arises from the 
hadronization of a single parton and from the finite resolution of detectors; a value 
of order 0.7 m often used |38]- 1 will assume that AR < x / 2 . 

At order erj there are processes such as £ + c —* g +g and q + q -» q + q 
that give rise to two partona in the final state in a hadron-hadrori collision If 
these partons emerge at large ft, they will give rise, after hadronization, to jets of 
hadron*. At this order the two partons must be separrjed by A$ = TTT and henrr 



the final state will consist of 2 jtU. The. jet crosB-tecltan predicted by pcrlnihative 
QCD is given simply by these 2 —* 2 processes and does not depend on A R The 
HIC docs depend rather strongly on the choice of Q\ RK Figure 16. 

At order o j there ire three puton final states arising from processes such as 
g + g~*9 + 9 + 9- This partonic final litaLe could give rise to either a 2-jet or 
3-jel final slate depending upon the separation between the partona. i.e. 

The inclusive jet cross-section calculated to this order will now depend on AA. 
This is shown in Figure 17. As expected the Q1 dcjKindence of the cross-section 
is reduced when the order a, terms are included; the range of uncertainty shown 
on Figure 16 is reduced by about one third [3D]. Notice that this calculation 
must include not only the thrce-partoq final states, but also the virtual (order 
Q3) corrections to the two-paiton final states. This is necessary because there arc 
infra-red divergences in the three-parlon final state that arise when one parton is 
very soft. These divergences cancel against those in the virtual diagrams. 

Many scorches for new physics in hadron-hadron collisions are limited by 
background from multi-jet final stales. For example, one method of searching for 
the top quark [-10] U to look for a lepton and jets arising from the productio • 
of a tt pair followed by the decays ( -* e+vb and I —* £du\ The background o 
this arises (at least for top masses larger than CO (>eV or so) for the final st i e 
W +jet$. It is therefore vita) to have good estimates of the multi-jet rates. 

It is possible U> use a partonic calculation to compare jet data, with QCD or 
to estimate background rates. Jn this case, the theoretical prediction is taken from 
a partonic calculation done to some fixed order in a*. It is important to realize 
that such a calculation depends not only on tr, buL aleo on the cut off parameters 
pa and Ito that go into the definition of a jet, A fully correct treatment of this 
is, in fact, only possible in the context of a complete higher order calculation 
(c.f. previous paragraph). If one needs, for example, the four jet final state 
that occurs at order a*t one must calculate the two loop corrections to the 2 -
jet final state and the one loop corrections to the 3-jet final state. In practice, 
the tree level results c*n be used (c£ for 2-jet, o\ for 3-jct etc.) together with 
the cutoffs. While these results can be used for estimating rates, they cannot be 
used for making precise QCD tests involving the comparison of final states with 
different numbers of jcta. fteeentty there has been much progress in calculating 
these tree level rates. The exact partonic matrix elements arc known for all 
the processes contributing to 3-parton [\\\ and 4-parton (421 " n a l states. An 
algorithm k;is also been developed \4Z) that enables the n-partoi: inatri?: fitments 

1Q 2 

I 0 U 

10" 

10" - 2 ! • • I • • p * 

BO 100 
Pi (GeV) 

Flgui * 16: The cross-section Arfdpxdv for the production of a. jet at y = 0 in 
pp collisions at -Ji - 1,8 TeV. The curve* correspond to the EHLQ2 
set distribution functions with p « hi = ft/2 (upper curve) and 
it — &1 = 2pt (lower curve). 
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Figure 17: Inclusive jet cross-section da/drjdpt for ft « SQGcV and n ±= 0 in 
pp collisions at V** - 1-8 TtV as * function of the jet definition 
parameter AR, The solid (dashed) line is the order a* (a*) iwuH. 
The calculation was canied out in a modified version of QCD wstinul 
quarks [39]. 

to be computed recursively. The exact matrix element* arc very complicated and 
alow to evaluate Tor more than three jets. Nevertheless, approximations [M] have 
been developed that are accurate to 10% or belter for the 4-Jct arid 3-jet Final 
states and can be extended with some confidence to the final states with five 
or more jets. These fixed order calculation? should be reliable provided that all 
of the jets are of approximately the same jn, ir o,(pj~ x)/op(pp'/p™'") ~ 1 or 
oJog(2irymmr/AR) *~ 1» then the parton calculation ceases to be reliable. Here 
pT" iP?in) iR the transverse momentum of the stiftat (softest) parton, j r m a r is the 
range of rapidity covered by the detector and A R is the separation in rapidity-phi 
space of the closest two partons. The latter criterion is always irrelevant given 
the segmentation present in current detectors. 

If auch a paxtonrc calculation is to be used to compare with data, either the 
experimental data must be corrected back to "partonic energies'1, or the results of 
the calculation must be fed into a Monte Carlo event generator that fragments the 
final slate quarks and gluons into the hadrons seen in the detector. The advantage 
of this technique is that the true QCD matrix element » used. The disadvantage 
is that the calculation does not include the effects of additional gluon radiation 
and hence of "jet broadening". There is another difficulty in that an n-jct final 
state is attributed to a 2 —»n-parton calculation. After such a stale is hadronized 
and passed through a jet finding algorithm, it may appear as an (n — 1)-jeL final 
state. Since such states are supposed to be produced by the 2 - • (n — I)-partem 
scattering, there js * double counting problem. 

An alternative method of calculation involves using a QCD inspired Monte 
Carlo generator (IS A JET [45], PYTHIA [48] or HERWIG [49] for example). Such 
generators usually Mart with the lowest order 2 -» 2 calculation and then use a 
classical branching process to radiate more partons from these ones. This gener
ates a muhiparton final state in the so-called leading log approximation. 

In order to understand how this approximation works, consider the process 
fl+5 -* 9 +ff+J which gives rise to a three parton final state. Label the momenta 
as follows 

S{-?t)+9(-Pi)->9M+9[P4)+s(Pt). ( « ) 

Then the matrix element squared for thia process can be written as (summed over 
all spins and colors) 

where N=3. Consider the Emit in which VA and ps become parallel. Then ptp% —• 



D. Then define p. = pt + Pi and * - \pt\l |Pat 

' " ' ' - ( p 3 ^ ( H P j , + F ( i - ' ) ' ) g f e f t ) < ) ^ ( p . ^ ^ p - ) ^ ) 
(65) 

where the mm on t and j runt over 1,2 and 3 only, we have dropped lermJ that 
are finite as pjps — 0 and P a given by 

p ^ E i - u f o p i ) (6g) 
Eij.iAi>j(PiPj) 4 ' 

Ustog momentum conservation one can show that P = 1. We can now write 

|JW|J = 7 - ^ , ( 1 ) W ("> 

where P , , is the AitareUi-Parili splitting function and Ala is the matrix element 
for the process s ( - p , ) + s ( -pa) -» s i f t ) + s(p.) via 

!M,|' = J » t ( J i r » - | ) i l l ± ± ^ ( I + i + i ) . (68) 

Ibis lenilt, which can be ^L'tieralizwl. is the basis of the "leading log approxima
tion". 

The leading log approximation calculates | Af | J for a 2 -i n process by select
ing-the pair of partons (I and m) with the lowest invariant mass and writing (as 
above p. = p, + p„, and l = |p,[ / jp . | 

The procedure is then iterated so that the final expression is in terms of a num
ber of Altarelli-Parisi factors and A/(2 -» 2), This apprcodiriatron i* good when 
log{\/ifpt) or lag(&R) is large* where Aft is the separation of a pair of partons. 

This approximation for generating multiparton final states is used by the 
QCI> inspired Monte Carlo generators (ISAJET [-15}, PYT1IIA [48] or HERWIG 
[49] for example}. Such generators usually itart with the lowest order 2 —» 2 
calculation. They treat the outgoing partons as being off shell (i.e. they have 
an invariant mass of order pi) and then allow them to "decay" with a branching 
probability given in terms of the Altarelli-Parisi functions, (for a review see [50]). 
The advantages of this approach are that it can reproduce many jet final states 
and that it will automatically include any jet broadening effects caused by gjiion 
radiation. It also has no inherent problem in normalizing the rates for different 

numbers of jets. The hadron (or parton) can be passed tlirough a jet. algorithm 
and the number of jets determined. The disadvantage of the nu-thod is that the 
leading log approximation does not reproduce the exact calculation for wide angle 
radiation {typical errors can be as large u a [actor of 2 or 3 in rate) and so may 
not provide fe good basis for comparing to multi-jet data. It is also very difficult 
to include higher order QCD corrections in a fully correct manner. 

6 Underlying Events 

In a hadj-on-hadron collision, event* that do not contain a hard scattering make 
up the dominant part of the cross-section at currently available energies. These 
events ("minimum bias1*) consist of hadrons of small transverse momentum dis
tributed uniformly in azimuth and approximately uniformly in rapidity. Since the 
properties of these events are not calculable in QCD, lite ^wious Monte-Carlo 
generators use models to simulate them. ISAJET {45] uses a Rcggc model |M); 
PYTHIA [48] builds up the event from a large number of parton-parLon scatter
ings each of which produces an outgoing parton of very small p,, HEKW.G [19] 
uses a plwnomenological model based on the UA5 data [52]- All of these models 
contain parameters which ~\re adjusted so that they correctly describe the data ut 
the SppS collider. 

When these generators are used to predict the minimum bias structure at 
higher energies, it is not guaranteed that they wilt agree, either with each other 
or with the data. Figure 18 shows the pseudo-rapidity distribution predicted for 
pp collisions at ^ = 1 , 8 TeV. It can be seen from this figure that the Moult--Carlo 
generators do not agree with each other and tha* PYTIHA provides the best 
agreement with the CDF data [33]. HERWIG is in reasonable agreement with the 
data, while ISAJET is xwnewhat Jow. However, in the PYTIIIA case we have nut 
included the contribution from the "daubs^-di-Tractive" process. Including this 
process will lower the multiplicity slightly. It is needed at y^j = 630 GeV to bring 
the generated values closer to those of ISAJET. HEHWIG and the UA5 data. 
IS A JET and HERWIG do not have "doublc-di (Tractive" as a separate process. If 
the jet final slates are also included in the KiRWIG predictions, better agreement 
is obtained [54]. 

In a hadron-hadfon hard scattering event, such as the production of jets or 
(V bosons, the initial state partons in the hard scattering have evolved off shell by 
an amount of order the momentum transfer in the hard scattering. This evolution 
occurs by the emission of quarks and gluoris all of which have limited transversa 
momentum wi'.h respect to the beam direction. These quarks and gluons then 

file:///pt/l


turn inlo hadrorvs of limited p< distributed approximately uniformly in rapidity. 
One therefore expects that the multiplicity of particles in the underlying event 
(i.e. that part of the event that is separated in # —r; space from the products of 
the hard scattering) should lie larger in events which contain a hard scattering 
than in events which do not. This qualitative feature is seen in Hie data [55]. 
A comparison of this effect in the different Monte-Carlo generators is shown in 
Figure 19 which also shows data fi—r- r-pp [53]. a. comparison of this figure 
with Figure IS shews that there are indcij more particles in the underlying event 
when » IV is produced hut that the distribution remains of approximately the 
same shape in pseudo-rapidity. 
Acknowledgment 

This work 'as supported by the Director, Jffice of Energy Research, Office 
of High Energy and Nuclear Physics, Division o* iligh Energy Physics of the 
U.S. Department of Energy under Contract DrvAC03-T6SFG0098. Accordingly, 
the U.S. Government retains a nonexclusive, royaltyfree license to publish or 
reproduce the published form or this contribution, or allow others to da so, for 
U.S. Government purposes. 

Z 

~—i—r " " " 1 1 1 ' ' ' 1 |- 1 — 1 — r ' . 
- + Slsndard Pjthli '. 
; 0 Henrlg • 

; 
a Iiajel 

• CDF 
'. 

"*~ 
+ * 

t t 
+ * + 

4-
~~" 

• + 
- + 
" 0 
. a 

+ 
* 
• 

0 " 
a 

a 9 0 D 
0 

+ 
• 
0 a -

0 -
— — 

• 

: , t i_J 1 1 1 , t 1 1 1 • 1 , , , : 

Figure 18: Tb^distributiwiafmuIt.pUtitywito 
for eventsvith no hard scattering (minimum bias) in proton-antiproton 
coUirions »t ^ = l . S T e V . Thepredictioni of Monte-Carlo generators 
•re compared with the CDF data [53]* 

13-



10 

I 

1 • 1 — 1 — 1 t 1—"I* "1 i— i— 1 ' ' ' 1 ' — i , 
• 

_ D a • 
a D 

-
' a D * • • + + + + a • 
' 0 + 

6 
© * •> O • . 

• + + a • 
• * + + + + + o • 
- + + 

+ . 
1 « H«nri| • 

• * Standard Pythia . 
— — 
• • Uajel • 

J—_i , 1 J — i — J—-J-

• CDF 

] • , . 1 i — J 1 ; 

2 -

Figure 19: The paeudo-rapidity distribution dJV/d» for erentf in which there is 
a W (thai decays to ev) in proton-antiproton collisions at v5='8 
TeV. The predictions of Monte-Carlo gaieratora are compared with 
the CDF data [53]. The electron from the W decay is not included. 

-II 

References 
(1] For a review of the QCD parton a model tec G. Altarelli Phys. Rev. 81C, 1 

(1982),. or A. H. Mueller Lecture, at the 1985 TASI (Yale University) (World 
Scientific Publishing Singapore, 1986). For a review of collider phyaica, sec 
V. D. Barger and R.J.N. Phillip. "Collider Physica" (Addison Wesley). 

[2] W.A. Bardeen et a]., Phy*. Rev. D IS, 3098 (1978). 

[3| G. 't Hooft and M. Veltmao, Mud- Php- B 44, 18D (1972); 
C.G. Bollini, J J. Ciambiagi and A. Gonzahs Domi'nguez, Nuovo dm. 31, 551 
(1964); 
J. Ashmore, Nitova Cm. left. 4, 289 (1972); 
G.N. Cieuta and E. Montaldi, Nuovo Cim. Lett. 4:329 (1972). 

[4] M- Dine and J. Sapentan Phys. Rev. Ult.43, 688 (1979),W Celmaster and 
Jl J. Gonaalvei PAy». Rev. Ult. 44. SfiO (1979). 

[S] G. Altarelli and G. Pariri, Nud. Phys. B12B. MS (1977). 

[6J J. Collins in "Supercollider Physio" Ed. D. Soper, World Scientific publishing 
(1987). 

[7] G. Altarelli, el al.. Nuel. Phys. B143, &21 (1978), Erratum Nuct. Phys. 
B148. 514(1978). 

|8) A- H. Mueller, Phys. Rev., D18, 3705 (1978). J. Collins, D. Sopor and G. 
Steiman, NucL H,j».B223, 81 (1983),«.J«. Iett.,109B, 388 (1933). R. K. 
Ellis, el cl, NucL Phys., B152, 285 (1979). 

[9] F. Abe et el., Phys. Rev. Lett. 61,1819 (1988). 

[10] It M. Barnett, I. Hinchliffe and 1. Stivlmg in Review ot Particle Properties 
Phys. Ult. 2MB, 1 (1988). 

|1I] J. MorBn and W.-K. Tung, in Proceeedbgs oTthe 1988 Snowmass Summer 
Study, Ed. S. Jensen. World Scientific (I9S9). 

[12] V. Papavassiliou (EMC collaboration) Proc. of Int. Europhysics Conference 
on High Energy Phytic*, Uppsala (1987). 

[13j A. Benvenuti tl of., Phys. Ult. 195B.91 (1987). 

[J4] A. Bodek cl nl, Phys. Rev. D20,1471 (1979). 



[i S) J.T. Aubcrt tl al., Nud, Phys. B293,740 (1987); B272.158 (1986), B 2 5 9 , 
189 (1085); or M. Arneodo e al, Ntid. Phys. B2B4, 739 (1986). 

IlC] A. Bonvemili et ai, JINR-E1-87-689, 699 (1987). 

(17) Ste, for example, F.J. Sculli, Talk at 1988 Aries Conference, June 1988, and 
R. Voss in Proc. of 1987 International Symposium on Lepton and Photon 
Interactions at High Energies, Hamburg 1987. 

|18] D. Duke and J. Owens Phys. Rev. D30, 49 (1984). 

[19] E. Eichtcn r< al., Rev. Hod. Phys. 56, 579 (1984}. 

[20] H. Ahramowiez, tl al., Zeil. fur Physik C1T, 283 (1983). 

[21] M. Diemoz, F. Ferroni, E. Longo, and G. Martinelli, CERN-TH-4757 (1987). 

[22] D. Allasia el al., Phys. Lett. I35B, 231 (1986); Zeil. fur Physik C M , 321 
(1385). 

(23) D. B. Mn.:l'iitlancet al., Zeil. fur Physik C26, 1 (1984). 

[21] J.V. Allaby, et at., Phys. Lett. 107B, 281 (1987), CERN EP/87/225. F. 
Hcrgsma tl at, Phys. Lett. 123B, 269 (1983), I53B , HI (1985). 

[25] II. AbramDwiex, et al., Zeil. fur Physik CSS, 443 (1987); B. V»Dage, Thesis 
submitted to UniversM de Paris Sud (1984). 

[26) G. Altarelli, tl at., CERN-T1M978 (1988). 

[27] A.D. Martin, R.C. Roberts and J. Stirling, Phys. Rev. D37,1161 (1988). 

[28] J.A. Branson tl al., Phys. Rev. Lett. 38, 1331 (1977); K.J. Anderson el al., 
Phys. Rev. Lett. 42, 944 (1979); E.J. Siskind el at., Phys. Rev. D 2 1 , 628 
('.9S0). 

[29] T. Akesson, el a!., Zeil. fur Physik C34, 293 (1987). 

[3(1] A.D, Martin, R.G. Roberts and J. Stirling, Phys. Lett. 207B, 205 (1988). 

]31) D. Antrcasyan el al., Phys. Rev. Lett. 48, 302 (1982). 

[32] R.K.Ellis, these proceedings. 

[33] F. llaljen and W. Scott, Phys. Rev., D18, 3378 (1878). 

134] P.B. Arnold and H. Reno Mid. Phys. B310,37 (1389) 

[35] See, for example, S.L. Wu in Proc. of International Symposium an Leplon-
Pliolon Interactions, Hamburg (1987) and references therein. 

[36] G. Sterman and S. Weinberg, Phys. Rev. LeU.,39, 1136 (1977). 

[37] W. Braurjschtrieg, el al. Phys. Lett. S U B , 286 (1988). 

[38) M.D. Shapiro, tbe» proceedings. 

[39] S. Ellis, D. Soper and Z. Kunrat, Phys. Rev. D40 , 2188 (1989). 

[40] R. HoUebeek, these proceedings. 

[41] F. A. Berends, et tl., Phys. Lett. I03B, 124 (1982). 

[42] S J . Parke and T.R. Taylor. Nuel. Phys. B26B,410 (1986); Z.Kunszt, A W . 
Phys. B 2 7 1 , 333 (1986); J.F. Gunion and J. Kalinowski, Phys. Rev. D 3 4 , 
2119 (1986). 

[43] F.A. Berends and W.T. Giele, A W . Phut. B306, 759 (1988). 

[44] C J . Maxwell, Phys. Lett. 102B, 190 (1987), Durham preprint DTP-88/32 
(1988); Z. Kunszt and W.J. Stirling, Phys. Rev. D37 , r.wT3 (1988); S.J. 
Parke and M. Mangano FNAL-Pub-SS/M-T (1988). 

[45] F. Paige and S. Protopopcscu, in Proc. of 1986 Snowman Summer Study on 
th . Fhysic. of the SSC, Ed. R. Donaldson FNAL (1987). 

[46] EUROJET, B. van Bjk, in Proc. of the 5" International Workshop on Pji 
Interactions, St. Vincent, Italy (1985). 

[47] FAPAGENO, i. Hinchliffe, in preparation. 

[48] H-V. Bengtaaon and T. Sjcstrand, Camp. Phys. Comm. 46 43, (1987). 

[49] G. Marches™ and D R . Webber, CAVENDISH preprint 8S/7 (1988). 

[50] B. R. Webber Ann. Rev. AW. end Part. Sci. 36 ,253 (1386). 

[51] V.A. Abnunovskii, O.V. KancheT and V.N. Gribov in Proc. 16* interna
tional Conference on High Energy Physics, FNAL (1983), Vol. 1. p.3C3. 

[52] C.G. AIner, et el, Phys. Rep. 154,247 (1987). 



[WJ CDF ccllalwation presented by J. Proud foil at llur 7'* Topical YVotlubup 

on ;rp IntMacliona, Fermilab, June 20-24, 1088, ANUHEP-CP-88-61. ;' 

[M] 1 am grcatful to Michelangelo Mangano lot bringing tliia to my attention. 

[55] C. Albaiar, tt at., CERN-EP/B8-29. \ 

i 

-ise-



W'TV" Interactions and the Search for the Higgs Boson 

MICHAEL E. LEVI ' 

Lmvrfnrr Berfcrlry Laboratory y 
1 Cyclotron Road. Berhtlty. California 94720 ); 

t 

Lectures presented a! the SLAC Summer Institute on Particle rhysks (' 
Stanford, California, July 10-21,1989 ¥.'••' 

g .. 
r. , 

• This work was supported by iho Director Office of Energy Research* Office of High 
Energy and Nuclear Physics. Division of High Energy rhyslcs, of the US- Department of 
Energy under conlrlrl mimtcr DE-AC0J-76SF0O098. 

©M. E. Levi IDS9 

-187- t: 



1. Introduction 

Since the original paper by Peter Higgs* in \%i, which was only a page 
and a half long, the number of publications on the topic of the Iliggs 
particle has grown year by year and threatens to overwhelm us. If only for 
this reason it has become imperative thai we find the Iliggs. In this 
lecture scries we will begin with a general review of the standard model 
Higgs and a summary of existing experimental limits on Higgs masses. We 
will then discuss Higgs searches at e + e ' machines which are just coming 
on line, e.g. SLC and LEI', and proceed to work our way up to Ti.C, CL1C, 
and the SSC, where we will introduce the topic of WW" interactions. The 
range of Higgs masses we cover will span six orders of magnitude from 
MeV to TeV. Non-minimal Higgs searches will not be dealt with in this 
lecture series; instead see the excellent theoretical reviews of both 
minimal and non-minimal model Higgs.2'3'4 

2. Minimal Standard Model 

2.1. SU(2)LxU(l)Y 

To begin, here is a thumbnail sketch of the standard model. The 
standard model of electroweak interactions unifies the electromagnetic 
and weak forces into one formalism, and (aside from the masses of 
particles) with only a single free parameter. The SU(2)L x U(l), model was 
first proposed by Glashows and later by Salam and Ward.' 

In the model there are three known generations of leplons, with the 
left-handed components appearing in doublets. These are the left-handed 
electron and its neutrino, and left-handed muon and its neutrino, and the 
left-handed tau and iis neutrino: 

CI CI (51. 
The right-handed components of the electron, muan and tail appear as 
singlets: 

c» P. r E . 

Similarly, the quarks come in doublets: up/down , charm/strange, and 
lop/bottom. 

ci a w, 
«• «. <« 
d, s, h. 

The weak interactions between these particles consist of charged and 
neutral currents. The charged currents are mediated by the W and W" 
which couple to the left-handed components, and can change, for 
example, a down-quark to an up-quark. The neutral currents, which 
couple to both left and right-handed components, are mediated by the Z" 
and photon. The W* can be thought of as a raising operator, the W" the 
lowering operator, and the Z* and photon diagonal in these interactions as 
shown in the figure below: 

Fig 1. Diagrams for charged and neutral currents. 

2.2. Electrownk Gauge Fields and Couplings 

The SU(2)t xU(l), gauge group consists of an SU(2) triplet of isovector 
gauge fields V, and an LKi) isoscalar gauge field B„. In the minimal 
model the gauge symmetry is spontaneously broken and the particle fields 
are given a mass by a single complex doublet of elementary Higgs scalar 



fields. Only a linear combination of the broken gauge generators 

Y 
corresponding to the electric charge, Q = Tj+— (in units of e, where T3 is 

the third component of weak isospin and Y is the weak hypercharge), 
remains unbroken. The resulting physical particle fields are a mixture of 
the gauge fields: 

z;=-sinO.B p+cos8.V,' 

A , =cosO.D,+sinu.v£ 

where A„ is identified with the photon and W* and Zj with the massive 
weak gauge bosons. In the eleclroweak theory these gauge fields start out 
as massless fields and therefore with only two polarization stales. When 
the W f and Z° acquire mass they will each acquire a longitudinal degree 
of freedom. 

There are two fundamental coupling constants, g for the weak isospin 
group SU(2), and g' for the weak hypercharge group U(I). The ratio of 
these coupling; defines the weak mixing angle tan 8. zg'/g. They are 
related to the electromagnetic coupling e = ;-sin0., where 
sinff. =g'/V?+g", and the boson masses M\ = xafGr&an'$m and 
Mj = M*cos'fl.. In the model the fields couple universally to fermions. 
The left-handed components of the fermion wavefunction are doublets 
and the right-handed components are singlets under the weak isospin 
group. The couplings to the left and right-handed states are given by 
Ki =T,-Qsin !B„ g, =-<}sin30.. 

2.3. The Gell-Mann Nishijima Relation 

The SU(2)L x U(l)v model as originally proposed by Weinberg was only 
applied to leptons; however, the standard model is extended to include the 
quark generations with only flavor diagonal currents.7 The weak iscspin 

and hypercharge assignments are given in Table 1, where Q=Ti+Y/2 from 
the Cell-Mann Nishijima relation.0 

Given that relationship, the quarks and leptons have the following 
quantum number assignments: the electron neutrino and the electron 
have weak isospin of t /2 and hypercharge of -1: that results in a charge of 
0 and -1, respectively, as one expects. Likewise, the up and down quarks, 
with weak isospin of 1/2, and hypcrcharge of 1/3, have charges of 2/3 and 
-1/3. 

T T, Vz 0 

CI Vi P -1/2 W 
e t 0 0 -1 - i 

a Yz 
( - $ 

1/6 (.3 
u» 0 0 2/3 •1/3 

« • . 0 0 -1/3 -1/3 

Table 1. Weak isospin arid hypercharge assignments of 
quarks and leplons. 

2.4. Spontaneous Symmetry Breaking 

The breaking of SU(2) txU(l), is performed by the Higgs mechanism 
which is now described. The minimal standard model is a spontaneously 
broken gauge theory which means that the symmetry of SU(2), xU(l), is 
broken into U(l)_, for example, by the selection of a preferred direction in 
weak isospin-hypercharge space. This direction is determined by the 
appearance of a non-vanishing vacuum expectation value. The non-



vanishing vacuum expectation value is constructed by introducing a 
complex weak isodoublet of scalar fields, with hypercharge of 1. 

Since (his is a complex isodoublcl, there arc four real scalar fields and 
consequently four additional degrees of freedom in the gauge theory. The 
scalar fields have the weak isospin and hypercharge assignments shown in 
the table below. 

T Ts 
HA Q 

*• Yi Yi Yi 1 

r Yi -1/2 Yi D 

Table 2. Weak isospin and hypercharge assignments of the 
scalar fields. 

These scalar fields have self interactions, described in the most general 
way, by |he scalar potential V = ft'Jflf + Ijftf- For u 2 < 0, the ground slate 
occurs at |*| ! - -ft* J 2A, and this becomes the ground state of the vacuum 
as shown in Fig. 2. Therefore it breaks the symmetry, because there is now 
a preferred direction. 

Fig. 2. Higgs scalar field effective potential for 
V=/i'i<tf+ A|4>r and u 2 <0. For u 2 >0 the ground state has a 
minimum at f t f=0 , while for u*<0 the degenerate ground 
state of the vacuum has a minimum at \of*-/i'l2\. The 
degenerate vacuum with a non-zero vacuum expectation 
value is the hallmark of a spontaneously broken symmetry. 

The SU(2)LxU(l)r theory is a gauge theory with two symmetry 
transformations that interest us here. One is the SU(2) invariant under 
infinitesimal rotations, with the transformation property 

W - . ' h j . ) ^ a ( i ) i ¥<*), 

where i are Fauli spin matrices and are the generators of SU(2) isospin, 
and of*) is an infinitesimal rotation vector in isospin space. The other 
symmetry is the U(1) invarlance under a phase transformation, 
¥(»•)-» VOt)*"1", where a(x) is the infinitesimal phase. 

From Norther's theorem9 we know that there is a conservation law for 
every symmetry transformation under which the theory is invariant. The 
conservation law for phase invariance is just simply charge conser"alion. 
This symmetry is unbroken in the theory and it is for this reason that the 
photon is left massless (U(1)Cm is unbroken). The invariance under 
rotation is just the conservation of the weak isospin. ft is these three 



phases of isospin rotation, n(J), that get selected by the symmetry 
breaking. Whenever a continuous symmetry is broken, massless spin-0 
particles appear,10 one for each of the three real phases of SU(2)L weak 
isospin that were fixed by by the symmetry breaking. This is known as the 
Goldstone TheoTem,n and the three spin-0 particles are known as 
Coldstone bosons. The scalar fields <S> are in addition to the massless 
gauge fields that become the W*, W~, f, and Z*. Prior to symmetry 
breaking these gauge fields only have two transverse polarization states 
because they are massless. 

In the gauge symmetry breaking by the Higgs mechanism, the self-
interactions of the scalar field <t> both generate spontaneous symmetry 
breaking and give masses to the gauge quanta. In this mechanism, the 
Goldstone bosons go into the longitudinal degrees of freedom of the gauge 
fields, and those gauge fields then acquire a mass. In the minimal 
standard model, there are two fields, a charged field and a neutral field. 
The two fields have a weak isospin of 1/2, and a hypercharge of 1. The 
charged field, has charge 1, and the neutral field has charge 0. 

We began with four scalar fields (four degrees of freedom) and four 
massless gauge quanta, for a total o( twelve degrees of freedom (one degree 
of freedom for each polarization state), after symmetry breaking, we have 
one spin-0 particle left over, i.e. the Higgs boson, nine degrees of freedom 
in the three massive charged W's and Z, and two degrees of freedom in 
the massless photon. 

2.5. ".loctroweak Effective tagrangian and Interactions 

' Now in this theory, the Higgs mass is given by MH =-J-2/j'. Since u 1 is 
not defined anywhere in the standard model, the mass of the Higgs is 
unknown and is a free parameter. In order to reproduce the weak 
interactions, one makes certain identifications. For example, the modulus 
of the vacuum expectation value of v = if-fi'fX is related to Cr by the 
relation v=[V2GF]~ = 246GeV. And the masses of the intermediate 

vector bosons are related to the scalar field vacuum expectation value by 
the following: 

M.=f«v 

In this manner one can retain all the aspects of the low energy effective 
weak Lagrangian, 

iZL.=ffi'Xf+(»'»cif«c} 

where !"=!£„+);, JJ are the charged currents, Jĵ . are the neutral 
currents, JJ„ is the electromagnetic current. i; is the weak current, and p 
is the ratio of the neutral current lo charged current interaction strengths. 
By definition and before radiative corrections are applied, the p parameter 
is equal to 1 in the minimal standard model. There are other possibilities 
in non-minimal models. The Higgs boson also appears in the theory in a 
separate effective Lagrangian, such that the Higgs boson and the other 
bosons can all interact with themselves, because they all are carriers of 
weak Isospin. This produces the Feynmm diagrams shown in Figs. 3-5, 
beginning with the Higgs coupling to two fermions shown in the figure 
below. 

Fig. 3. Diagram for Higgs coupling lo fermions. 

This strength of this process is proportional to mf JB7. In addition there 
are the bilinear couplings shown in Fig. 4 
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Fig. 4. Diagrams for Higgs coupling to massive gauge bosons. 

where the weak coupling given by g*-4*J2GFMl . In the unitary gauge 
there are also the quarlic-couptings shown in Fig 5, which couple two W's 
to two W's or two W's to two photons. 

Fig. 5. Quartic couplings. 

3. The p Parameter 

3.1. Minimal Standard Model p Parameter 

As already stated, the p parameter is the ratio of the neutral current to 
the charged current couplings in the low energy theory and has the 
following definition: 

-_ Mi 
Mjcos'fl. ' 

in the minimal standard model, before radiative corrections, p is by 
definition one because we began with a complex doublet of scalar fields 

which satisfied the relation (2T+1? - 3Y2 = 1. What that simply says is 
that the SU(2)L weak isospin be T=l/2, and the hypercharge equal Y"=± t, 
for that complex doublet. However, there does not have to be one 
isodoubtet to satisfy p=1. There could be 2, 3, or more, or one could have a 
larger group, where T * I or V * 1, such as T =3 and Y =4. There is a wide 
spectrum of possible solutions, none of which we will discuss here, which 
are covered extensively in the literature.2 

3.2. Experimental Measurements of the p Parameter 

Experimentally, p has been measured and is accurately Known to be 
close to unity. It has been measured in a variety of experiments, the easiest 
of which to perform are, perhaps, the W and Z measurements. The world 
average12 of p-0.998 ± 0.0086 is shown in Fig 6. 

Fig. 6. Measurements of weak interaction parameters in 
shown plotted as a function of p vs. sin 18, also shown is the 
fitted average of experiments. Figure is from Kef. 112]. 



Therefore we know that we are on the right track, having started out with 
something that looked like a weak isodoublet. Though there are more 
complicated possibilities, we will confine ourselves to the minimal model 
with p=l in these lectures. 

i. Unitarily Bound 

We dr not know much abojl the Higgs boson mass, but there are some 
theoretical bounds." Although it is not precisely defined in the theory, 
M do know fiom umtarity that there is an upper limit on the Higgs mass. 
Unitarily simply stales thai in a scattering process, the flux coming out 
cannot be greater than the flux of particles going into the scattering 
process. The scattering amplitudes have to be less than one. If one 
considers the process of W^WJ-iZiZJ, which proceeds through a Higgs 
boson intermediate state, and computes the scattering amplitude,14 it 
comes out lo be: |Mf sGfM;,/8jrVz for s » m j . Requiring \Uf < 1, and 
solving for M„., the unilarlty limit is reached at MH.=I.7TeV. Of course 
this limit only applies to the minimal standard model Higgs. 

5. Low Energy Experimental Mis J Limits 

Given that the upper bound is 1.7 TeV, what is the lower bound? This 
brings us lo the subject of existing experimental limits. 1 will discuss five 
experiments, which I have selected from a pedagogical viewpoint. I have 
chosen the most recent results from the SINDRUM, NA-31, and CLEO 
experiments, which were presented this year, and two older, but very 
interesting experiments on tnuonic atoms and forbidden transitions in 
nuclear states. The mass range which Is excluded by these experiments 
extends from zero to about twice the t leplort mass, or 3.4 GeV. The range 
that these measurements cover is shown pictorially in Fig. 7. 

CLEOB-tlfX 
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Fig. 7. Excluded regions of minimal standard model Higgs 
masses for selected experiments. 

5.1. Higgs Coupling to Photons and Leptons 

Before going into these measurements, it is instructive to discuss how 
the Higgs boson couples lo leptons and photons. Knowledge of the 
coupling enables one lo compute the rates. The coupling of the Iliggs to 
the W's and Z's will be discussed later when we discuss higher-energy 
experiments. 

The coupling to fermions is quite straightforward. As mentioned 
previously, in the Feynman graph for the Higgs coupling lo two fermions 
the strength of the coupling is proportional to the mass of the fcrmion. 
The invariant amplitude is given by W-mJCi/J-JniJ, and after applying 
the Golden rule. 



and integrating over all phase space to get the decay rate, one obtains a 
very simple relationship for the decay rale of the Higgs into two fcrmions, 
such as Ywo elections or two muons, given in general by: 

where C, is the color factor (1 for leptons and 3 for quarks). 

Since the decay width is proportional to the square of the fermion 
mass, the I liggs boson is most likely to decay to the heaviest fermion pair 
which is klnematically accessible. Therefore the coupling to two electrons 
is quite weak since they are so light. As an example of this we compute 
the production rate at an e*e° machine if one were to sit on » Higgs mass 
resonance and produce Higgs bosons.14 (This assumes that one already 
knows the Uigg" mass lo high accuracy because the width is very small.) 

ofr'r- , , 1 ! - 4 ' " " ( " H > C ! V ) r ( " ~ " " ) 

The result of the calculation yields 2 picobams, assuming a Higgs mass of 
10 GeV. When you compare that to the continuum cross section, 
B6.Knb/s(GcV'), you find lhat the sign21 to background is about 1:1700. So, 
it is very difficult to find the Higgs directly from e*e" production. 

The coupling of the Higgs lo photons must proceed through higher order 
graphs. There is no direct coupling because the photon has no weak 
isospin. The process goes through a triangle graph shown in Fig. 8, which 
is theoretically well-understood and was first calculated15 in 1949 for the 
case of jt° decay, it" -t ff: 

r(^r,)=(£)W^]!#£ 
where Nf is the number of colors, f, is the pion form factor, and e. and e J 

are the up and down quark charges. 

Fig. 8. Diagrams for the decay of a Higgs boson into two 
photons. 

When w? compute the same set of graphs for n -» ft • shown in Fig. 8, we 
come up with a very similar factor,".17 

HH-»rt = (!j[7-f5W<C.J g & * M„«M. 
where instead of the pion decay constant we now have C,. However there 
are a few more complications, due to additional graphs such as one in 
which virtual W's run around in the loop which is responsible for the 
factor of 7 in the above equation. For the contributions from quarks in 
the loop Q, is the charge of the quark or fermion, and the factor 1=1 for 
m , » MB. and 1=0 for m , « M„.. So r(H-»'JY) >* a n interesting decay 
width because it is sensitive to physics above the mass of the Higgs. We 
can imagine that if the Higgs were relatively light and one was able to 
measure H -»w very accurately it would probe physics far above the scale 
in which one is operating. Nonetheless, this decay rate,» a'O f mj, is small 
due to the factor of a?. 

For Higgs masses below 1 MeV, the Higgs can only decay to two 
photons. If the mass is over 1.022 MeV it will decay to two electrons, until 
it hits twice the muon mass at which point it will decay primarily lo two 
muons, and so on. The branching ratios for Higgs decay are shown in Fig. 
9 as a function of Higgs mass. 
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Fig. 9. Branching ralio for decays of a light minimal model 
Higgs boson . Figure is from Ref. [16]. 

5.2. HJggs Mass Limit from Muonic Atoms 

The first experiment I want lo discuss is interesting because it excludes 
a very light Higgs mass. In fact it excludes vanishingly small Higgs masses. 
In this respect it is unique, lo my knowledge. The idea behind this 
experiment is that in a muonic atom, one can compute the radius of the 
muon's orbit about the nucleus; it Is about 2S0 fermis in the lowest 
principle quantum stale: 

r = - 3 (fermi) 
Zctm, Z 

where Z is the charge of the nucleus and n 2 is the principal quantum 
number. From dimensional arguments, one can also compute the range 
ol the Higgs potential; it has a range of around 197 fermis for a mass of 
m„=1 MeV, or more generally. 

1 . IWlfcrmi) 
m„ m„(MeV) • 

The Higgs can therefore mediate an interaction between a muon and the 
nucleus because the range of the interaction looks like a long range force. 
In fact, it is an interaction very much like the Coulomb interaction. From 
this point of view it is as though the charge of the nucleus had shifted by 
some small value,1 

7a- 1+±.?M!i*.j2Gr\ 
2a 4 K J 

where A is the atomic number, and e is a QCD correction factor 
(approximately 0.3). 
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Fig. 10. Ratio of Higgs mediated muon-nuclron coupling to 
the electromagnetic coupling as a function of the Higgs boson 
mass for muonic transitions in atom M M g and I*Si IRef. 18]. 
The region above the curve is excluded by the experiment. 
The straight line denotes the standard model expectation for 
the coupling as a function of the Higgs boson mass. Higgs 
mass values of less than 8 MeV are excluded by (his 
experiment. 



The energy levels scale with the square of the charge, - (2a) 3 , so the 
shift turns out to be a small 4x10"* shift in the energy levels. It is a very 
small shift but the experimental limit is well below that. The 
experimental result is given as a limit on the ratio of the Higgs mediated 
muon-nucleoi'. coupling to the electromagnetic coupling": 

I • n ^ A ^ G j < o g _ i o _ f w M H < | M e V 

The experimental limit cuts off at a Higgs mass for which the range of 
the interaction falls short of the muonic radius, which occurs at 8 MeV. 
From this result we know that the mass of the Higgs is greater than S 
MeV. The experimental result is shown in Fig. 10. 

5.3. Limits from Forbidden Nuclear Transitions in 4He 

Measurements have also been made in nuclear decay, using an excited 
state of <He wh:.-h is in a J' = 0" slate.1' The decay to the ground slate, 
which is 20.1 MeV lower, is a forbidden transition (from 0* to 0*). But the 
transition is allowed if a Higgs particle is produced instead of a photon. A 
light Higgs would only decay to two electrons, so the idea is to detect the 
two electrons from the Higgs decay. The idea is that since the Higgs only 
couples to objects with weak isospin, it behaves more or less like an 
neutrino. It has very weak interactions with matter, and this property is 
exploited in the experimental setup shown in Fig. 11. 

One manufactures large quantities of the excited stale of *He by striking 
a proton beam on a tritium target, followed by a 10 cm block of uranium or 
lead shielding. The Higgs will traverse through 10 cm uranium because it 
has very weak interactions, while other particles are absorbed. The energy 
spectrum is plotted in Fig. 12b) following, using a sodium iodine detector 
located after the uranium filler. In Fig. 12a) a calibration signal from 20 
MeV captured y rays is shown. The result of this experiment is shown in 
Fig. 13. No signal was delected in this experiment, excluding the region 
from 3 MeV to 14 MeV. 

: 

C-JStHIIIiiaTW u3sHIELT ' 

Fig- 1). Schematic view of the experimental apparatus. The 
figure is reproduced from Ret. 119). 
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Fig. 12. In (a) is shown a calibration signal from 20 MeV 
capture y rays and shows what the signal would look like. 
The observed energy spectrum is plotted in (b), using a 
sodium Iodine detector located after the uranium filter. The 
data {points) it well as the expected cosmic ray background 
(histogram) ire shown. The curve in (b) is a fit to Ihe 
calibraiion spectrum shown in (a) superimposed on a smooth 
background." 

Branching Ratio 

Fig. 13. Experimentally excluded region (at 2 sigma) in Ihe 
life-time branching ratio plane- Figure is from experimental 
search for Higgs scalars emitted from the J r=0* to 0* 
lbrbidden transition in *He. The theoretical curve is for a 
standard model Higgs. The scale at right shows the 
correspondence with Higgs B U S . 1 1 

54. SINDKUM Measurement of n"-»e-»,H-»e*wV 

Moving up in the mass range, a lecent and very impressive 
experiment was performed at the Paul Scherrer Institute by the SINDRUM 
collaboration-3* They have treasured the rale for Ihe decay for x' -tt'\>.f', 
where the photon decay* to an electron-positron pair. 
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Fuj. H. Diagram for the process K*-*K°vt\l-*t'vc*c~, 

This radiative decay is a standard model process thai goes very slowly. 
The branching fraclicn is measured to be 3.2 x 10*. The interesting aspect 
about this experiment is that it is also scnsUive to «*-*e*u,H with the 
same final stale electron-positron paii. The Feynman graph for this 
process is shown in Pig. U. The branching ratio for x ' - Je 'u . l l is given 
below," 

B K o t - ^ i n ^ f r ^ r[K'-m'\>) 
_ V2"G(m*-f(ii) , . , 
" 4 8 l t ' m ; ( . . mj/n,;) W l K r e ' = M y m -

= 6.5xl0"*f(it) and f<x)»<l-g«-tV)(i-x 7 )-12i ' l i«. 

The only difficulty in performing ihis experiment is the long lifetime 
of a light I liggs, allowing it lo completely evade detection in the apparatus 
for a sufficiently low mass Higgs. The long decay length for Higgs particles 
Willi mass below twice the mucn mass is shown in Kg. 15. 

U f h t Higgl Boaon UfaUrca and Width 

; 
io- -

Decay Length 
ct Can) 

10 

^*^-»*^eV" _ 
Decay Length 

ct Can) 
10 

search region 1 ; 
10' 

• 

i n J ....J i ' ^ 
10"' 1 0 J 10 ' 10* 

mu«3eV) 

. i o -

. 10' 

Decay Width 
i rteV) 

- | |0° 

Fig IS. Light Higgs boson lifetime and width. The figure 
shows the the decay length as a function of the Higgs mast. 
The right scale gives the corresponding decay width. The 
figure is from Ref. [21. 

The long decay length somewhat limits the low end range of their search. 
However, it is fairly straightforward to search for two electrons forming a 
very narrow resonance, and in the search region of interest, which was 
•bout 10 MeV to 110 MeV, the branching ratio of Higgs to two electrons is 
very close lo 100%. 

In Fig. 16b), a Monie Carlo study shows the mass spectrum of what a 70 
MeV Higgs in the SINDRUM detector would look like. The data, in Fig. 
Ifca), shows the region searched by Ihis experiment. 
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Fig. 16. In (a) the data far the process K* -> e*«'e" are shotvn 
with error bars. The histogram is the Monte Carlo prediction 
for the standard model radiative decay process it*->e*tr,". In 
(b) is shown the Monte Carloprediction for x*-»e*1iH* where 
Mu, =70 MeV/A The figure is from Ref. PO]. 

No corresponding peak is seen In the data, allowing them to set an 
experimental limit on the branching fraction at a level of 6.3 x l C at aS0% 
confidence level. This excludes the presence of a Higgs in the mass region 
from 10 MeV up to 110 MeV. 

5.5. NA-31 Search for K[-»it°H <H-teV) 

Beyond 110 MeV the searches are more complex. There is a 
preliminary measurement from CERN Experiment NA-31, 1 J which has 

J 

searched for the decay Kj-in°li (H~»eV). They are limited in this 
experiment to the mass region below twice the nuion mass. There is 
considerable theoretical uncertainty about the rale for Kj -»it" II". There 
are two Feynman graphs in Fig. 17 that contribute to this process and it is 
theoretically uncertain how to add the two amplitudes. 

a) 

,yV, 
b) 

a-»-
-Ji" 

c 

Fig. 17. Feynman graphs that contribute to the process 
Kl -m" II*. 

The graph at left has a higher order loop with lop quarks running around 
the loop, introducing an uncertainty due to our lack of knowledge of the 
top quark mass. In addition some of the Kobayashl Maskawa matrix 
elements are not well known and there are uncertainties in the relative 
phases of the two amplitudes- It suffices to say that there are a variety of 
theoretical predictions and in the worst case they give a branching ratio for 
Kf-m* H* of 10"7, although some predictions are as high as I0"4. 
However even If one assumes the worst case, 10"', It Is still possible to 
produce an experimental SLTIII on the lliggs mass with this experiment. 
This limit given by NA-31 excludes Higgs masses from 15 MeV to 211 
MeV, and they are able to exclude regions of Higgs production with 
branching fractions as low at 2 x 1 0 * . 

The results are plotted in Fig. 18 as a function of the mass of the lliggs 
vs. its lifetime. The solid diagonal line corresponds to a standard model 
Higgs; as the mass is lowered the lifetime becomes longer. In this 
experiment, as one gets to smaller masses and very long lifetimes, 
sensitivity to ihe Higgs is reduced, resulting in the lower end of their limit 
at 15 MeV. The upper end of the limit is the two muon threshold. 
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Fig. IB. Excluded regions for a light Higgs hypothesis for the 
process Kj -> x°H ( H - i c V ) a s measured by the NA-3I 
collaboration. Shown in the figure are the contours for 
various excluded branching fractions as a function sf the e*e-
final state mass (Higgs mass) and the decay length. The 
results are plotted as a function of the mass of the Higgs vs. 
the lifetime of the Higgs. The diagonal line corresponds to a 
standard model Higgs. The lower limit on the expected 
theoretical branching fraction is 2 x 10-* in this search region, 
which excludes Higgs masses in the region from IS MeV to 
211 MeV. Figure is from Ref. [22]. 

5.6. CLEOSearch for b-»sll Transitions 

The CI.EO experiment has looked for decays of B mesons to the 
standard model Higgs boson.23 At the quark level, the transition b -> sH is 
suppressed and can only occur through the higher order diagrams shown 
below. 

A-8) 1" b) r " ^ 
} I b >, > 1 

w*-w J? w«-v 

Fig. 19. Feynman graphs for the process b -»sH. 

Since these graphs have heavy quirks in Ihe loop, the branching traction 
is dependent on the unknown mass of Ihe top quark. The branching 
fraction is calculated to be 4.2% for a lop mass ol 50 CeV. The top mass 
appears to the fourth power, 

so for heavier masses the branching fraction is much larger. Such a 
substantial decay rale should not be difficult to detect They have seart hed 
in a number of final states, including the Inclusive modes B -»H'X where 
the Higgs decays to u*u~, and the exclusive modes B -* H*K or B -»f i'K' 
where Ihe Higgs decays to MM. **, or KK. The most sensitive among these 
various modes Is the inclusive process B -> il'X -» uuX and the exclusive 
processes B->H'K(orK')-*K(orK*)mi or B-»K(or K')ira . 

The results of this experiment are used to exclude the mass region 
?i î  i>i,,<2nil, This region is excluded using a number of different. 
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overlapping decay modes as shown in Fig. 20. In the lower mass region 
the inclusive mode B -> HK or K' was used, assuming that the Higgs 
decays could be H -»uu. or JIJC. The upper mass region was excluded 
using the inclusive mode H -»uu • They had a little trouble around the 
J / y mass due to backgrounds; however the limits ere still quite good 
even in that region Given that we already know that the top mass is in 
excess of 77 CeV,« the CLEO limits are quite firm. 
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- * - ( r t f c H h * p.'ft' 
—.XKhrtfcnt » V 

Ctcfcnf** K'K 
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• * -

Hiqji uoii ic«v> 

Fig. 20. Experimentally excluded regions of standard model 
Higgs boson mass as measured by the CLEO collaboration in 
the inclusive processes B-»H°X where the Higgs decays to 
n'/r. and the exclusive modes B -• H°K or B -* H'K*, where 
the Higgs decays to uu. Kit, of KK. The results of this 
exper iment 2 3 are used to exclude the mass region 
2m, <niu <2m,. 

6. Experimental Searches at SLC and LEP 

Given these lower energy limits we Mow that the minimal Iligg' is 
somewhere between 3.4 GeV and 1.7 TeV. How does one find the Higgs if 
it is above 3.4 GeV? First, we will look at some potential experiments at 
the e+e" colliders, SIC and LEF. Next we will consider what can be done at 
LEP-200, an upgrade to LEP scheduled to begin operations in 1°95 at 3 
center-of-mass energy of 200 GeV. Finally, at the end of this report we will 
discuss the search potential of the proposed accelerators TLC/CL1C which 
are c+e* machines and the SSC, a multi-TeV hadron collider currently 
under construction. The mass reach of the new and proposed accelerators 
is shown in the figure below. 
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Fig. 21. The mass reach for minimal standard model Higgs boson searches 
of the nets and proposed accelerators is shown in the figure. The dales 
shown are estimates of when such searches may be completed-



6.1. LKP/SI.C iliggs Production Mechanism 

The principal production mechanism of Higgs bosons at LEP/SI.C is 
through brcmsslrahlung off a Z°. The diagram for this process and the 
production cross section are shown in Fig. 22. Higgs searches at these 
machines can be divided into three regions of interest as a function of the 
ccnter-of-mass energy." In region I of the figure, on the Z* resonance, 
Higgs bosons are pn. luced in the process e V -» Z° - i W ° + Z" , where a real 
Z' is produced and decays into a Higgs and a virtual Z" . Region II is 
defined as M ^ T / S ^ M . + V T M , , . In this region Higgs bosons can be 
produced by the same diagram, except that now both Z° propagators are 
virtual. When both Z°'s are off mass shell there is a dip in the production 
cross section, making it more difficult to perform searches in this region. 
The third region of interest, which really applies more lo LEP-200, is at a 
ccnter-of-mass energy Vs > m z +T/TM,,. In this case, the decay is through a 
virtual 2° propagator which in turn decays into a real Z* and a Higgs 
boson. 

6 2. Production on the Z° Resonance 

We'll begin with region I. In a high luminosity e*«- machine with 
Lslfjsi cm-2 S C ( - i # which is approximately the design luminosity of 
SLC/LEP, one expects to produce on the order of 10* Z"'s per year. In a 
typical search scenario25 the lepton lag is exploited by identifying events in 
which Z°" -t c'c" and the Higgs decays into bb; thus the final state consists 
of c'c" bb. Since the Z° is virtual in this region, the invariant mass of the 
c'c" pair will be substantially less than the Z* mass for Higgs boson masses 
in the region of interest. The relative production rate of this process is 
shotvn in Fig. 23 for a range of Higgs masses. 
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X t 1 
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' / 11 " 

l O " 5 v.. , / , 

L s < 10 L s I" < 

80 100 120 140 160 180 
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Fig. 22. Production cross section for the bremsslrahlung 
process e'e" -»H'Z" -» H't't. The upper curve corresponds 
to a Higgs boson mass of 10 GeV, the lower (dashed) curve 
corresponds to » mass of 50 GeV. In region I marked on the 
curves a real Z' is produced and decays into a Higgs boson 
and a virtual Z*. In region II marked on the curves both Z''s 
are virtual. Finally, in region III only the final stale Z° is on 
mass shell. Both curves assume that (he Z° is detected 
through a charged leplon pair.25 
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Event Rate 

(Arbitrary units) 

Fig. 23. The event rate for e V -» H*Z°* -» H W is compared 
on an arbitrary scale for different values of the Higgs boson 
mass and shown as a function of (he invariant mass of the 
virtual Z° (o+e- pair mass). The production rale is seen to 
peak very closely to the kinematic threshold. The figure is 
taken from Ref. (25]. 

Unfortunately, the process, e*e"^»H*Z*"-»HVr is severely rate 
limited, but it is the only way to make a Higgs at the SLC or LEP-1. The 
branching fraction for this process decreases rapidly from 10"* for a 
miissless Higgs to 10* at a mass of about 50 GeV as shown in Fig. 24. The 
dashed line in the figure marks the one event per Mr* produced Z" rate 
(approximately one year of machine running), at design luminosity. 
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Fig. 24. Branching fraction for &e on resonance production 
process V -»e V i t ' as a function of the Higgs boson mass. 2 5 

The dashed line corresponds to approximately one event 
produced in a canonical year of operation of a 10" e*e-
collide?. 

In a canonical year consisting of Id7 sec of operation at an «•*- machine 
operating at full design luminosity of 10", 65 Higgs events are produced 
for M H = M GeV Higgs, but only one event for a Higgs boson mass of 50 
CeV. So dearly the rate is inadequate somewhere in the region between 30 
and 40 GeV. The following table shows the number of Higgs events 
produced with final states of e V bb from 10 6 initial state Z° events 
produced on resonance. 



Hig£S 10 20 30 40 50 
Mass 
(CcV) 

Number 65 26 11 4 1.5 
of Events 

Table 3. Number of Iliggs bosons produced through the 
sequence, e*e"-»Z° -*Z**H'-»eVbE and into this specific 
final state as a function of the Higgs mass for 10* initial state 
Z° events produced on resonance.35 

6.3. Mark 11 Simulation 

Monte Carlo simulations of this process have been performed by 
groups at CERN and at SLAC. Here is a typical sel of selection criteria from 
a Mark 11 study:*6 two electrons are required to have a total energy of 
E . + Ei •> 30 GeV, and the visible energy (sum of all observed energy in 
the detector) is required to be at least 85% of the center mass energy. The 
Utter cut is made rather tight in order to reduce backgrounds to this 
process arising from the lower energy two photon exchange process, 
e*e~-> y*/-* e'e"o,q\ These cuts have an efficiency of about 659t. A 
simulation has been performed for three different postulated masses of 
the Higgs: 10 GeV, 20 GeV, and 35 GeV. 

5 

• ID <3.V 

i ZOCaV 

> 30 CaVl 

a=c 10 f)0 
llLniag l i u f (C.V) 

30 

Fig. 25. A simulation by the Mark II collaboration for Higgs 
production through the sequence e*e" -*Z*-» 2'*H* -*e+t"tli 
for three postulated masses of the Higgs boson as indicated. 
The signal is shown for each of the three Higgs masses 
(dotted histogram). The background, arising primarily from 
the two photon process e'e" -*y'y" -»e*c"qq, is shown in the 
solid histogram. The figure is from Rcf. (26]. 

In Fig. 25 the signal (dotted curves) and background (solid curves) are 
plotted in number of events per 10' Za, so this is a plot one might expect after 
a year of operation. When the missing mass, he.e defined as the mass 
recoiling against the Z', is plotted one expects to see a resonance peak at 
the postulated Higgs mass. In the figure, the 10 CeV Higgs is readily 
apparent, as well as the 20 GeV Higgs, however a 35 CeV Higgs boson Is 
clearly rale limited in this simulation. 

The conclusion drawn from Ihe Mark II simulation was that the range 
of observation for the Higgs, given 10* Z*s at LEP or SLC, would be from 
about 10 to 30 CeV. In a dau sample of 10' Z*s, where this mighl be 10 



years of operation or three years at a higher luminosity machine, one 
could extend the search up to MH-50 GeV. 

6.4. LEr Simulation 

A LEP study tried to extend this range by expanding the search to 
include other 2" decay modes than to two electrons, which constitutes 
only 3% of all 7.' decays.25 They included final states in which the Z" 
decays to two neutrinos, e4 e" -+ Z° -+ Z" H° -* uCbb, which has a branching 
ratio of about 19%, and should greatly improve the rate. The final state 
topology consists of two b jets recoiling against nothing, with the two jets 
being acoplannr. They therefore require two jets with less than half of the 
center-of-mass energy, because the Z" should carry away a majority of the 
energy. The event is required to be acoplanar, with missing transverse 
momentum of p, > 3 GeV in order to reject QCD events. Finally, the 
calculated mass of the unobserved virtual 2* must be greater than 40 GeV. 
By applying a beam energy constraint to the observed system the invariant 
mass of the Higgs boson is obtained for MM=30 GeV in Fig. 26a), and 
M„=Z0 GeV In Fig. 26b). 

The primary background to eV->Z°-» ; /H*-* viibb is standard QCD 
production of two jets events. For the simulation of a 20 GeV Higgs mass 
there is an apparent peak, but there is also substantial q$ background 
beneath it. Because of the cuts there Is a kinematic cutoff at around 40 
GeV. As the mass increases to 30 GeV there is a substantial reduction in 
rate due to the loss of phase space. Unfortunately, the peak begins to look 
a lot like the q$ background. So although a more copious production 
mode, Z° -»uu , Is used in this search, one comes up with more or less the 
same answer as the Mark II analysis, and that is that one cannot extend the 
search region much higher than Mn=30 GeV at SLC or LEF-1. There is an 
advantage in using the mode, Z° -» vlj if one only has for example 20,000 
Z°'s, because one might still be abl<> to do a Higgs search in the 5-15 GeV 
mass range. Therefore this is something thai might be accessible to LEP or 
SLC during the very first year of operation. 
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Fig. 26. Result of a LEP study for the Higgs production process 
e*e"-»Z*-»Z*"H'-H)Cbb. The figure (a) on the left is 
evaluated for a Higgs boson mass of Mn.»30 GeV, the figure 
(b) on the right is evaluated for a mass of M„,=20 CcV. The 
signal (dashed histogram) is easily observed for the case of 
M„.=20 GeV over the QCD background (solid histogram). 
The figure is from Ref. (25J. 

7. HiggiStatchetatLEP-200 

We will now move up the mass scale range to LEP-200.2' LEP-200 is a 
machine that will presumably come into operation in 1995, with a cenler-
of-mass energy of 200 GeV and potentially a higher luminosity than the 
present LEP-1 machine. At LEP-ZOO the primary production mechanism 
for the Higgs boson is through the bremsstrahlung process 
eV->Z""-»Z'H". 
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Pig. 27. Higgs production cross section for the 
bremsslrahlung process t't~-*7.' -*Z"H', as a (unction of 
the accelerator beam energy.15 

In the figure above, the production cross section varies from 1 to 10 
picobarns depending upon the mass of the Higgs. For example, at an 
accelerator operating at 200 CeV in the center-uf-mass and for a 60 GeV 
Higgs mass the expected production rate is approximately 1 picobam. The 
production cross section is summarized in Table 4. 

Ecro(GeV> M„° (GeV) ate'e" -tWZ'y 
Expected Events 

in SOOpb"' 

160 
20 
40 
60 

3.34pb 
2.30 
0.89 

1670 
1150 
446 

200 

20 
40 
60 
80 
1D0 

1.47pb 
1.19 
0.92 
0.62 
0.23 

735 
5»5 
460 
308 
114 

Table 4. Higgs production cross section and event rate for the 
bremsslrahlung process e*c"-*Z" -»Z'H", as a function of 
the accelerator center<of'rnass energy and as a function of the 
Higgs mass.28 

In a typical year of operation, at 200 CeV, if an experiment could 
accumulate a data sample of SOOpb"1, then approximately 500 lliggs events 
at a mass of 60 CeV would be expected. The number of events drops 
precipitously as the Higgs mass increases; for a Higgs mass of 100 CcV 
there are only 100 events expected. Presumably a lower mass Higgs would 
have already been either discovered or ruled out up to 30 or perhaps even 
40 CeV at LEF-1 or SLC by this lime. If not, one would probably prefer to 
run thp accelerator at a lower energy, around 160 CeV, in order to study 
the lower mass rliggs range. 

At 200 CeV one is above the W*W" threshold, and W pairs or Z pairs 
becorie a potential new background tn the signal process There is also 
substantial QCD background and this has to be contended with as well. 
The production rate for these processes is summarized in Table 5. 



Ecm(CeV> Background Processes Cross section (pb> 

160 <J(QCD) 139.8 

200 

<7<cV n W ' r ) 
<r[eV-»Z'Z*) 

<XQCD) 

16.1 

2.2 

74 

Table 5. Background production crc«9 sections at LEP-200.2* 

At LEP-200 there are three possible final stale detection channels for the 
brcmsstrahlung production mechanism e'e" -* Z* -* Z"H* (region III in 
Fig. 22). These channels are shown in Fig 28. In all cases the Higgs boson 
is assumed to decay into bb, while the Z* can decay to either two 
neutrinos, two muons or electrons, or two quarks. 

The mode Z" -f DD Is promising due to the targe branching fraction, 
approximately 19%. However, the number of events expected per SOOpb-1 

in Ihe neutrino mode is no more than approximately 100 events for Higgs 
masses greater than 40 GeV, so this is a rate limited regime. The mode 
with the charged lcplons is almost background free but even more rate 
limited. There are a significantly greater number of events in the 
Z°H"-»qqT>b (four-jet) final slale, bul this is a difficult mode because of 
QCR mulli-)et backgrounds. 

7,1. ALEPH Simulation or LEP-200 Higgs Search 

A? an example, we now discuss a simulation by the ALEPH 
collaboration of the case of Z° -»tiu at LEP-200-ZI There are a number of 
backgrounds, due to any kind of a process that generates neutrinos. For 
example, in Z°Z° production, which Is now kinematically permissible, one 
Z can decay to qq" while the other decays to two neutrinos. Also, two Ws 
can decay into a final state consisting of a tau and its neutrino on one S:de 
and qq on the other. In the decay of the tau lepton additional neutrinos 
are produced Two-jet production in QCD, in which heavy quarks decay 
semi-leplonically, can also produce background. 

a) -4"" 
b) 

H"->bb 

Fig. 28. Three final stale production mechanisms considered 
by the LEP-200 study for the bremsslrahlung process 
e V -> Z' 4 -» Z"H\ In (a) the Z" decays to uC, (W Ihe Z* decays 
to charged leptons, and in (c) the Z" decays into qq |ets. In all 
three cases shown the Higgs is assumed to decay exclusively 
to bb jets. 

Typical cuts (see Table 6) to eliminate these backgrounds might be: 1) 
Cut on the missing mass to eliminate events without a Z" in the final 
slale. This reduces backgrounds from WW" and QCD, (see Fig. 29a) for the 
missing mass distribution for the case of B Higgs mass of 60 CeV. This is 



fairly effective in reducing these backgrounds. 2) Cut on missing 
momentum. That also rejects QCD events (sec Fig. 29b), because one 
expects to see a substantial amount of missing p, for Z° events with 
neutrinos in them. However, there is a substantial loss of efficiency with 
this requirement. 3) Cut on event sphericity in the rest frame of the final 
slate 1)4 system, sphericity is defined as the sum 

-MIN «X(PI)']/[«(P/ 

and where p T is the momentum transverse to the sphericity axis, which 
minimizes this sum. The event sphericity is near zero for a two-jet event, 
and near one for an event without structure. One expects the bb jets to 
look broader because they are heavier than udsc quarks (see Fig. 30). 

AI.EPH LEP-200 Simulation Selection 
Requirements 

Missing Mass > 92 GeV 

Missing Momentum > 30 CeV 

Sphericity in rest frame > 0.02 

Apply Constraint Z* - t vu 

Table -'. Summary of ALEPH Simulation Selection Criteria 
for Higgs Doson Searches in (he Mode 
e V -t Z" -» Z'H" -»uubb at LEP-2M. 

(CEV) 

Fig. 29a. ALEPH simulation for LEP-200 (-£ = 200 GeV) for 
the process e'e~-» Z*'-»Z"H*-t uubb- Shown in the figure is 
the missing mass distribution, the background from QCD and 
WW" events are at left while signal events are to the right of 
the Z* mass (91 GeV). The figure is from a simulation for a 
Higgs mass of 60 GeV.2 1 The curves are not normalized. 
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•M 100* 

Fig. 29b. ALEPH simulation for LEP-700 (V« = 300GeV) for 
the process e'c" -» Z' -t Z'W -» DCbB. 5hown in the figure is 
the missing momenlum distribution, the background from 
QCD events are at left while signal cvenls are to the right. 
The figure is from a simulation for • Higgs mass of 60 GeV.2* 
The curves are not normalised. 

M M l 

Fig. 30. ALEPH simulation for LEP-200 (V» = 20DGeV> for the 
process e*e" -» Z"° -» Z'H" -» vubE. Shown in the figure is the 
sphericity distribution. The background from QCD events are 
at left while signal events are lo the right The figure is from 
a simulation for a Higgs mass of 60 GeV.2* The curves are 
not normalized. 

After these event selection criteria are applied, an additional constraint 
is imposed that the missing particles in the event, i.e. the two neutrinos, 
come from a Z°. Then one examines various postulates of what the Higgs 
mass might be. For example, for M„>40,60, and 80 CeV, the distribution 
shown in the figure below is obtained after all cuts and with the 
background and the signal normalized to an integraled luminosity of 
SOOpb-l and -ft • MO GeV. 

For M H * 4 0 CeV the signal is readily apparent over background. For 
increasing values of the Higgs mass, from 40 to 60 GeV, Ihe signal begins to 
merge with Ihe background and the rale is reduced. By 80 CeV Ihe ralio of 
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signal lo background is only 3, and the peak may be difficult to resolve for a 
data sample of only 500 pb 1 . 

The simulation for the ALEPH experiment concluded that in this mode, 
for 40,60, and SO CeV Higgs masses one would expect 49,34, and 12 signal 
events, respectively. The signal to background ratio was computed, 
compiling the number of signal events on peak to the number of 
background events under that peak, as summarized in the table below. 
The invariant mass spectrum for these three different mass values is 
shown in Fig. 31. 

e V -»Z"H- where Z* -»1/5 and H" -» bb 

MH« 
(GeV) 

Total # of 
Events 

# of Signal 
Events at Peak 

# of Background 
Events at Peak 

Signal/Back
ground 

40 107 49 2 25 

60 83 34 7 5 

SO 56 12 4 3 

Table 7. Conclusion for ALEPH simulation for LEP-200 for an 
integrated luminosity of 500pb-l in the process e*e" -»Z*H' 
where V -» vu and H* -»hb,3* 

The ALEPH analysis also looked at Z ' - » e V or Z*-»/i*/T- These 
modes are more or less background free, but are rate limited at the very 
high end of the mass range at 80 CeV. Here the signal to background is still 
only 3.7, not much better than the neutrino mode. The conclusions for 
this analysis are summarized in Table 8. 

s I u « 

fawiaat M M (GtV) 

Fig. 31. ALEPH simulation for LEP-200 (^=200 GeV) for the 
process e'e" -» Z*" -* Z'H' -» itfbE. The plots are, from top to 
bottom, for M,,- 40, SO, and 80 GeV. Shown in the figure is 
the signal (solid histogram) normalized for a data sample of 
SOOpb"1 and with all background sources (hashed histogram). 
The figure is taken from Ref. [281. 
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t'e~ ->Z"H" where Z"-» e V or Z°-»u'| i"and l l " - *bb 

M H » 
(GcV) 

Tolal # of 
Events 

* (if Signal 
Even;; at Peak 

# of Background 
Events al Peak 

Signal/Back
ground 

40 36 24 0.2 large 

60 ZS 17 0.6 28 

80 IS 11 3 3.7 

Table 8. Conclusion for ALEPH simulation for LEP-200 for an 
integrated luminosity of 500pb-1 in Ihe process «V-*Z*H" where 
Z"-tcV or Z"-»u*|f and II" ->bb.M 

the other mode that ro looked at, which I will just briefly mention 
here, is a four-jet final stale, Z"H" -> qijbb. The background to this mode is 
from QCU mullijcls. Here the signal to background ratio Is only 2 and is 
clearly not favorable as compared to the other modes. The conduskms for 
this analysis are summarized in Table 9. 

e'e" -» Z'H" where Z" -» tf and H* -» bb~ 

(GeV) 
Total # of 

Events 
# of Signal 

Events al Peak 
i of Background 
Events al Teak 

Signal/Back
ground 

40 430 54 23 Z3 

60 340 60 31 2 

80 - - - -
Table 9. Conclusion for ALEPH simulation for LEP-200 for an 
integrated luminosity of SWptr1 in the process e V -*Z"H" 
where ? -»ofl and H" -»t* . B 

«. Higgs Searches al Future e+e" Colliders 

Next we will discuss Higgs searches at future collider.*, in particular 
TLC, CLIC and SBC. The TLC (TeV Linear Collider) Is a linear c+e" 
machine that would operate at 1 TeV,™ and CUC (CERN Linear Collider), 
is a CERN design for a linear e*c" collider Ihal would operate al 2 TcV.10 

The SSC (Superconducting Super Collider) is * pp machi.ie which is 
planned to operate f.t 40 TeV.3' 

81. WW and ZZ Decays 

At these, higher energy scales, new decay modes of Ihr lliggs appear 
with couplings Ihal are quite different from what we have discussed so far. 
For example, a very heavy Higgs can decay to two W's or to two Z's. This 
has important experimental consequences. The coupling Is proportional 
to G, x Mi, so the decay width grows as Ihe mars cubed. As expected this 
decay raw no two massive gauge botom is tl-ntat Identical lo Ihe rale we 
discussed earlier for l"(H" -* ft) - G,a'M £ *i»de from the factor of o*. The 
rale for Ihe decay H-»Z"Z" is about half Ihal of Ihe decay lo two W's, 
where Ihe factor of one-half arises from the final slate summation over 
two Identical particles: 

r ( f r ^ W « W - ) « ^ i p . . ( K + ^ ) J , 3 M C e V . { M 1 1 < T e V ) ] ' 

r (H*- t Z?Z")=5^8. . [8 i + lg )»164GeV.[M H (TeV)r 

Adding both of these decay widths, Ihe Iota) decay width of a very heavy 
Higgs Is given by: 



Therefore a Higgs particle with a mass of 1.3 TcV has a width equal to its 
mass, and at that scale has a behavior that Is more like a continuum than 
like a particle. 

8.2. Decay Kale to Top Quarks 

Another interesting phenomenon in the case of a high mass Higgs 
occurs if there is a very massive lop quark. Normally, the Higgs lilies to 
Couple to the heaviest kinematically accessible fermion, but it happens 
that the coupling to gauge bosons is even stronger. So if one hypothesizes 
that M,|>2m„ andM„»2m t T then, 

I ( H - . W W - ) _ M ; % Z 

T(H -> ti) = 2ntJ. 

Above the W-pair threshold, this ratio is always larger than two. Thus, 
although we do not know the top quark mass, we know that for the 
purposes of these high mass studies the decay Il-tW'W" will always 
dominate for a minimal standard model Higgs boson. A graphical 
representation or Higgs decay rate as • function of mass is shown in Fig. 32. 

200 400 600 800 1000 
Mn(GeV> 

160 b) 
Total Width 

120 • 

I I SO 

40 • 

_! .. _. 
300 400 500 

M.CCeV) 
600 700 

Fig. 32- In (a) the Higgs boson partial decay width to W'W\ 
Z*Z*, and A (m,-40CeV) final states. In 0?) the Higgs boson 
total width is shown as a function of the Higgs massA 3 2 
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8.3. longitudinally Polarized W fairs 

When a heavy Higgs decays into W or Z pairs, they will fend (o be 
longitudinally polarized. The fraction of longitudinal decays, ft,, and 
transverse decays, IT, are given by the following,33 

The fraction of polarized W's or Z's as a function of the mass of the Higgs 
is shown in the tabic below. 

M„.(GeVt TfCeVj fL f t 

200 1.8 0.47 053 

300 9.1 0.90 0.10 

500 53.2 0.99 0.01 

800 238 0998 0.002 

1000 474 0.999 0.001 

Table 10. The total decay width for massive Higgs boson 
decays and the fraction of the decays into longitudinally (fL) 
and transversely polarized (fT) gauge boson pairs (Ws and 
Z's) as a function of the Higgs boson mass. For MH>300 GeV 
the heavy Higgs will decay primarily to longitudinally 
polarized states (WJWi andZJZy.35 

For example, a 300 GeV mass Higgs decays with a probability of 90% to 
longitudinally polarized pairs. For very massive Higgs almost 100% of the 
decays are into longitudinally polarized pairs. This has experimental 
ramifications if one considers angular distributions: a longitudinally 

polarized W will decay with a different angular distribution than a 
transversely polarized W. 

8.4. WW Fusion 

In addition to new decay modes, (here is a new production process (hat 
takes place at these very high energies. Besides Ihc bremsstrahlung 
mechanism that we have already discussed, shown in Fig. 33a) below, 
there is the WW fusion process, shown in Fig. 33b) below. 

a) BfemsstraWung b) WW Fusion 

Fig. 33. Feynman graph for the bremsstrahlung process in (a) 
is supplanted by ihe WW fusion graph shown in (b) for 
heavy Higgs production. 

The WW fusion process is analogous to the two-photon process shown 
in Fig. 34 that we know from low energy e*e- machines, in which a flux of 
virtual photons is radiated off the incoming electrons. 



Two-Pholon Process 

Fig. 34. l-'cynman graph for the two-pholon process. 

Two of iht'sc virtual photons can fuse to form a new stare, a resonance for 
example. The formalism for this is well known, and the rale can be 
calculated using the equivalent photon approximation of Weizsacker and 
Williams.34 In the equivalent photon approximation the energy spectrum 
of the emillcd bremsstrahlung photons is given by, 

dk k x m, -

The production cross section is then obtained by integrating over the 
emitted photon flux and the X-»YY width for the finat state X. The 
following result is obtained, 

o(e'c- - t cVX)= JY"JYlN(k)N(k)on^(4t,k )) 

•¥[4jJM£) 
where the function f is the form factor for the final state. Tor resonance 
production the simple form is obtained, 

, , , , _ v X 8 a 2 „ , , s JM.\ 

The facl that the rate increases as log s is important at the highest 
energies. Remember that the point cross section is falling like 1/s. If r« 
now consider Ihe case of WW or ZZ fusion we can again use Ihe 
Weizsackcr-Williams approximation. The decay width of H-»WW" or 
II -»Z*Z" is given by: 

r(„.-,ww>f$i „, r(n^-z-)-fig. 

Using Ihe form factors corresponding to both W's being transversely 
polarized or both longitudinally polarized, one obtains: 

W„: f = J-jjrU(Z + l),lni-2(l-,X3 + i)] 

Wu,: f = (l + T,In± + 2 ( i - l ) where t • ^ . 

Then the total cross section for M M » m „ where the two W's are 
predominantly longitudinally polarized is* 

E 0 . . 3 p b x . D ( ^ , ) . 

While for comparison, the brenustrahlung cross section for M„ «-Js is 

< j ( e V-.Z- ir ) s - 7 5^i 1 ,pb 
v ' JITCV1] ^ 

Al sufficiently high energy the fusion process will overtake the 
bremsstrahlung process. In the figure below the production cross section 
for the bremsstrahlung mechanism in Fig. 35a) is compared to the WW 
fusion process shown in Fig. 35b) for a variety of Higgs masses. Also 
shown is the point cross section for * V . 



Z-bremaifroMuftg WW fusion-H 

•ft «T«V» Ji (T.V1 

Fig. 35. In (a) the production cross section for the 
brcmssttahlung mechanism e V -t Z'H' Is compared to the 
WW fusion process e V -»v.v.H'shown in (b) for a variety 
of lliggs masses.3' Also shown is Ihe point cross section for 
eV, o^_ - g6.gnb/i(GeV') 

85 High Energy e*c' Colliders 

At a 1 TeV collider, we are already well into the regime where WW 
fusion dominates. For a Higgs mass of a 100 GeV, at I TeV ccnfer-nf-mass, 
Ihe production cross section is about 3.4 units of K, where a unit of R is 
given by the point cross section MAnb/sfaV1), which at 1 TeV is 86.8 fb. 
Enormous luminosities are required in order to obtain a measurable rale. 
For example at a luminosity of IxlO11, with a cross section equal lo one 
unit of R, 1000 events are produced in a canonical year of ID7 seconds. 

How can a luminosity of i0,,cnr,sec"' be achieved at 1 TeV cenler-of-
mass? An e*e' storage ring with E ( n l=l TeV would be prohibitively 
expensive since the cost of such a storage ring scales with E 2

r m . On the 
other hand, a linear collider should scale linearly with energy, because you 
just make the colltder longer to get to higher energy. The SLC, at SLAC, is 
the first example of luch a linear collider. Electrons and positrons are 
accelerated in the same linear accelerator, then Ihe electrons go around 
one arc and the positrons go around Ihe other and they collide at Ihe 
center. That is fine tot center-of-mass collisions at 100 CeV, but there is a 
substantial synchrotron energy loss in Ihe arcs that become a significant 
problem at 1 TeV. The soiulion is lo have two linacs colliding head on, as 
illustrated in Fig. 36. 
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Fig. 36. In the figure al left (a) is shown a schematic of the 
linear collider aL 5LAC which accelerates bo 111 electrons and 
positron in the same accelerator. At right (b) a generic design 
of high energy collider is shown where electrons and 
positrons are accelerated In separate structures. 
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8.6. Linear e+e- Collider Parameters 

What are the parameters of such a collider? The TLC design, conceived 
al 5LAC, has a center-of-mass energy of I TeV and a design luminosity of 
1 x 10". The CERN design, CLIC, has a cenler-of-mass energy of 2 TeV and 
a comparable luminosity. The properties of these colliders is shown in the 
ioltowing tabfe. 

SLC cue TLC 

K*. 100 GeV 2 TeV ITeV 
Tower Source Klystron Superconducting 

Drive I.INAC 
Relativislic 

Klystron 
Accelerator 
Gradient 

17 MV/m 80 MV/m 196 MV/m 

Accelerator 
Length 

3 km 2x12.5 km 2x2.5 km 

Luminosity 
(effl-'xe1) 

6x1ft30 l.lxlft 3 0 1.2x1ft33 

Table 11. Parameters of the existing e+e- collider SLC, and the 
proposed 1 TeV collider TLC and the 2 TeV collider CLIC.3* 

8.7 Background Processes at 1-2 TeV 

At these very high energies a whole new realm of background 
processes appears which we need to understand. These backgrounds fall 
into two distinct classes, the first order standard model processes and the 
second order peripheral interactions. The standard model backgrounds 
are from the single photon or Z annihilation graphs in Fig. 37a) and b), 
and the electron, or neutrino exchange processes such as those shown in 
Fig. 37c) and d). 
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Fig. 37. Annihilation and standard model backgrounds to 
massive I Uggs boson detection. Shown in the figure are the 
processes (a) e V -) qq, (b) c V -• W'W_,(c) e V -> W W",and 
(d)eV -» Z*Z-. 

The backgrounds due to the peripheral interactions are primarily from 
two photon interactions and the WW or Wv fusion process. These 
processes are shown in the figure below, 

a) b) 

Fig. 38- Background processes to massive Higgs boson 
detection from second order processes. Shown in the figure 
are the processes (a) e V -> eVqq", (b) e V -» e V W Y , and 
(c)e'e' -»euW. 

There are numerous backgrounds to be contended with that are 
significantly larger than the signal process prior lo analysis cuts, as can be 
seen in Fig. 39. For example there Is the standard two-jet process, 
e*e"-»qq, which has a cross section nine times the point cross section, or 
nine units of R. and there is the process e*e' - • VI'W which has a rale of 
about 27 units of R.3S There are actually two diagrams for the latter 
process, the 5 channel with a virtual y or Z, and the t-channcl where a 
neutrino is exchanged. At these high energies the t-channel diagram 
causes sharp peaking in the forward and backward direction along the 
beam line, tn order to reduce this background one therefore makes 
restrictive oils on the event axis. There is also (he process e*e"-»Z°Z", 
although at a reduced rate relative lo W pair production. The process 
e V - » i V T W " is a background for high mass Higgs searches, as we will 
see later. This latter mode also has a very substantial production cross 
section, and it has the property that pT'""»0. Another background process 
that is quite important is e V -»et)W. The final state W has a laige py 
(PT - •".) which is much the same as the large pr of the Higgs in the WW 
fusion process (also pj « m„). A fairly comprehensive list of backgrounds 
is shown in Table 12 along with their production cross sections. 



Peripheral a (units of R) 
Interaction 

eV-»e*e"q<5 1 

eV-»eVW*W- 9.3 

c V -»euWZ* 3.4 

e'e~-+euW 140 

e V -+ cVZ* 70 

Annihilation a (units of R) 
Process 

e'e'-tt'f 4 

c'c-^qH 9 

e Y - » W W 27 

e Y -> Z*Z" 1.5 

e'e"-»W 10 

e*e--»-rZ' 31 

e V - » W W Z " 0.4 

t V -* Z"Z*Z' 0.03 

Table 12. Summary of background rates at a 1 TeV e + e -

collider.36 
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Fig. 39. Background processes compared to the Higgs 
production rate for the cast of MH=500 GeV as a function of 
e*e* collider center-of-mass energy.3' 

9. TLOCUC Design Sludie* 

In order lo be able to distinguish between signal and background one 
requires a very good detector. In the TLC design studies, a detector with 
very good hadroric calorimetry was assumed, with a resolution of 
o/E=S0%/VE-t-2%. The electromagnetic calorimeter was assumed to 
have 8%/i/Et2* resolution. This is » very difficult set of parameters to 
obtain simultaneously, in the real world. The TLC studies further 
assumed a very good tracking system, with a resolution of 
o r/p = 0.3 pOV/c) . 



The TLC is Assumed to operate at a luminosity of lxlO"cm'V', 
resulting in an integrated luminosity of 10 frr'/year. The most important 
production process is the WW fusion process (e*e"-»ui)H"), with a cross 
sectiun 17 limes greater than the bremsstrahlung process for MH=100 GeV. 

There are two analysis regions that are quite distinct and which we will 
consider separately. The first region concerns the intermediate mass Higgs, 
with M„ < 2m.. The Higgs cannot decay into two W's, and decays instead 
to bb. The dominant sources of background come from e*e" -> euW and 
DUH. The second analysis region applies to the high mass Higgs, 
M„ > 2m., where the Higgs cm decay into WW. There is background 
coming from other peripheral interactions such as s V - t W ' W " e V 
where both electrons go down the beam pipe. Other backgrounds are due 
to fusion processes producing ZZ and WZ. 

9.1. Intermediate Mass Higgs Search Region 

We will start with the intermediate mass Higgs search region, and 
assume that the Higgs boson does not decay to top, M„ < 2m^, but rather 
exclusively to b quarks with BR(H'-» bb) -100%. Finally, we assume that 
the Higgs boson is produced by either khe fusion process, 
e*e" -> \fSH' -> uiibb, or by brcmsstrahlung e V -» Z°H" -t tjubb. 

The signature for production of an intermediate mass Higgs boson is 
two low mass Jets corresponding to the bb system. There will be some 
missing transverse momentum in the event carried off by the neutrinos. 
Because the Kiggs is produced primarily through WW fusion, the 
produced Higgs will also have a substantial transverse momentum due to 
the massive W propagators. The other important signature is that the b 
quark is relatively long lived, so one should be able to see a secondary 
vertex in the detector. 

• ! 

9.2. TLC Design Study 

A comprehensive study of the intermediate mass region was 
performed as part of the TLC study at SLAC.2'-32-38 As we just discussed, 
the signatures for this mass region are two b quark jets and large missing 
transverse momentum. To select these events, a two cluster analysis was 
performed, requiring that the mass of each of the two (els be consistent 
with a b-quark and not consistent, e.g. with a W or Z. A substantial 

amount of missing transverse momentum was required: l£p^l>5CGeV. 
To select events with a long lived particle they simply required that there 
be at least four tracks with a large (>3o) impact parameter; S: 

3 x[(5ujn)' + (50}im / pfGeV))']5 < c < 3 mm. 

This assumes that one has an excellent vertex detector with resolution 
given by the quantity in brackets. To avoid selection of K*j or other very 
long lived particles there was the further requirement that the impact 
parameter be less than 3 mm. Finally, the two b quark jets will not be 
coplanar since the Higgs is not produced at rest in the lab frame in the 
fusion process, so an acoplanarity greater than 10 degrees was required. If 
the mass of the top quark were low enough, e.g. 40 CeV, then 
eV-»e'«,W"-»e*u.tS would be kinematically allowed, and would 
become the predominant background process /or this intermediate mass 
search region, due to the high rate for this process and the similarity in the 
final state parameters. It is now known experimentally that mrop>77 CeV, 
so this is not a concern.39 However, it the time of this study, high mass 
limits on the top quark were not available. 

In this study an integrated luminosity of jLdt=30fb"' »ndVJ = ITeV 
was assumed. This corresponds to three years at design luminosity or one 
year at three times the design luminosity- In Fig. 40 the signal for the 
process «**,"-» i>uH*-n>ubb and eV-»Z* H*-> uubb is shown together 
with the main background due to ft"-tt'v,W-*e'v,tb. The 
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Fig, 40. The signal for the process e*e~-» uTJH'-* uiibb and 
cV-»Z°H°^»uubb is shown together with the main 
background due to ( V -» e'u.W" -> c'u.ib. The distribution 
of two-cluster invariant mass for the two b-jets is plotted in 
the figure, in (a) and (b) MH=120 CeV, in (c) and (d) MH=150 
GeV. The detector resolution for hadrons is assumed lo be 
o7E=509i.A/E+2%in (a), (b), and (c), an improved 
resolution of o /E = 35%/VE + 2% is assumed in plot (b). In 
plot (d) it is assumed that the Higgs decay mode is H -»it, 
mT=40 GeV, a four cluster analysis is then performed to 
deled Ihe lop decays.*0 

distribution of two-cluster invariant masses for Ihe two b-jcts is plotted in 
the figure. The study considered Iwo possible intermediate mass Higgs, 
MH=120 CcV and MH=150 GeV. Assuming a canonical TLC generic 
detector with 50%/i/E hadronic resolution, the background tends to 
obscure the signal, but for a Higgs mass of 150 CeV the signal stands out 
quite dearly. If one could build an even better detector with a resolution 
of 35%/VE even a 120 GeV mass Higgs stands out quite convincingly. One 
can also do a completely different analysis by assuming that the main 
Higgs decay mode is H —»it. Then one performs a four cluster analysis and 
can do quite well for example in finding a 150 GeV iliggs. This is of course 
at the edge of the kinematic limit given our present knowledge of the 
lower bound on the top quark mass. 

The conclusion from the TLC study is that one can just marginally 
detect a MH=120 GeV Higgs, but can detect a MH=150 CeV Higgs quite well. 
If one were to assume a heavy top, so that the W cannot decay lo tb then 
the background is dramatically reduced. It would be rather interesting to 
see this analysis repeated based on the new top quark mass limits. II is 
likely that the analysis could be extended lo find Higgs bosons with masses 
below 120 CeV. Higgs bosons with masses dose to the W or 2 mass are 
nonetheless very difficult to discover since the detected signature is almost 
indistinguishable from these particles. 



9.3. 1 Itgh Mass Higgs Search Region 

The TLC study also examined the high mass Higgs search region, 
M„ > 2m., where wc will assume that the Higgs decays exclusively lo WW 
or ZZ and is produced through the fusion process eV- tvu l l ° . In this 
mass region one can more or less ignore the lop quark since 
r(H"-> W\V-)/r(H"-M[) = Mj,/2mJ>2 if M„>2mT. Here one is looking 
for a final state consisting of 2 W's (or Z's) produced with substantial 
transverse momentum, pP'-C^m.), since the produced Higgs obtains 
targe transverse momentum in the fusion process due to the massive W 
propagators. The Prspeclrum of the final state WW pair Is shown in the 
figure below; it peaks near the W mass of 80 GeV. One therefore performs 
an analysis to select this region, which is a novel signature for this process. 

0 100 200 » 0 
PjtOeV) 

Fig. 41. Transverse momentum spectrum for Higgs bosons 
produced from WW fusion." 

The heavy Higgs selection for the TLC study is straightforward. The 
principal backgrounds due lo e*e"-» W*W" or c'c'-jZ'Z* are t'Channel 
processes and are therefore sharply peaked along the beam axis. 4 2 One 
therefore determines the thrust axis of the event and requires that the 
event be centrally produced by selecting lcosB l l M (k 0.8. A cut on the 

transverse momentum, lXf i'>50GcV, exploits Ihe large expected PT for 
the signal while rejecting two-plioton backgrounds which peak at PT=0. 
Then one performs a two-cluster analysis to delect two W's. The invariant 
mass of the smallest of the (wo dusters is required to be in the region 
66<M2i_<94 GeV while the other must be in the region 75<MJi„<100 
GeV. These cuts select a region that brackets the possibility that either of 
the two particles is a W* or a Z*. Finally, because of the large expected 
transverse momentum one requires the two W's or Z's to have an 
acoplanarily>10°. These cuts result in a very background free signal as can 
be seen in the figure below. In a data sample of 30 ftr1, for MH=300 CeV 
125 signal events pass these selection requirements {for an efficiency of 
7.9%). For MH=500 CeV 46 events pass (for an efficiency of 12%). 
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Fig. 42. The heavy Higgs signal from the fusion process 
c*c" -* vuH*, where the Higgs boson decays to W or Z pairs, is 
shown in the figure for the TLC study at -Js -1 TeV and a data 
sample of 30 fb-1. The histogram at top is for MH=3M GeV, 
125 signal events appear in the peak after all selection 
requirements. The histogram at bottom is for MH=500 GeV, 
46 events appear in the peak. The dashed line shows the 
expected background level due to e*e"-*W*W" or 
eV-*rZ', 2 

9.4. Heavy Higgs Search Strategy for CL1C from the La Thuile Study 

A similar analysis was performed in a CERN study at La Thuile where the 
CLIC design at T/S=2TCV was considered.3 7'" For this study it was 
assumed that the accelerator would have a luminosity of L^lO^cm'V, 
or IOftr'/year. The analysis was preoccupied with backgrounds coming 
from the peripheral interactions eV->euWZ and eV-»ecWW which 
are relatively easy to reject as shown in Fig. 43 of the FT spectrum of signal 
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Fig. 43. FT spectrum of signal and background processes from 
the La Thuile study of CUC at -Ji = 2 TeV and 10 Or'. In (a) is 
shown the p?" for the signal process c'e" -» WJII* where the 
MH=500 CeV Higgs boson decays to W or Z pairs. In (b) the 
pj"* is shown for the background process e V -»etWW ,3W 
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and background processes. Otherwise the analysis is very similar lo the 
TLC study but with somewhat less restrictive cuts. The analysis cuts and 
(he resulting data sample are shown in Table 13 for lOfl)"' and for two 
cases of the Higgs boson mass, MH=500 GeV and MH=800 GeV. 

In particular the CERN analysis required a net transverse momentum 
greater than 20 GeV, compared to the TLC cut at 50 GeV. From a total ol 
1400 produced events, for a 500 GeV Higgs mass, they end up with a signal 
of 420 events. This can be compared lo a total background of 160 events. 
Because they used a less restrictive set of cuts the signal lo background is 
not as good as in the TLC design study. However, due lo the higher 
center-of-mass energy of the CLIC design a substantial Higgs signal (190 
events] is obtained for MH=800 GeV. 

The conclusions of the CLIC study are illustrated in the simulated mass 
spectrum shown in Fig. 44 for the case of MH*500,800, and 1000 GeV. For 
a 500 CeV Higgs mass, in a data sample of 10 fb"', the WW mass peak 
corresponding lo the Higgs is quite apparent over the background. For the 
800 GeV Higgs, one sees that the signal is starting to look mors and more 
like a continuum distribution due to the increasing width of the Higgs. At 
1 TeV in Higgs mass there is still a very striking Higgs signal over the 
continuum background process, but to achieve this the CLIC study had to 
assume five limes the design luminosity . 

Heavv-Higgs Rales Per Year at CLIC 

Signal 

SDOCeV/c2 

Background 

" W = 

•450-550 
CcV/c 2 

Signal 

M i l -

SOOCeV/c? 

Back^nnind 

% w = 

600-1000 
CeV/c 2 

rroduod 1400 3000 600 4650 

Turcly hadwinic final 
state 

660 !W0 260 2140 

After detector acceptance 
and pet lecofutmction 

530 460 240 500 

Angular cut: l a B 0 w l < 0 J 480 260 210 160 

t?" cut P^™>20GeV/c 
420 160 190 130 

Table 13- Signal and background rates from the La Thuile 
study for CLIC at i/s = 1 TeV and 10 lb'. Shown are the rates 
for the signal process e'e" -» uuH* where the MH=500 GeV or 
800 GeV Higgs boson decays to W or Z pairs. The background 
processes are primarily e'e" -»eeWW and e*e_ -* ev'VIZ.y7-a 
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Fig. 44 Signal and background rales from the La Thuile study 
for CMC at Vs = 2 TeV and 10 fb"1 in (a) and <b), and 50 flr' in 
(c). Shown in the figure is the WW mass spectrum for the 
signal process (data points) e V -* uull" where the MH=500, 
800, and 1000 GeV Higgs boson decays to W or Z pairs in (a), 
(b), and (c), respectively. The background processes in this 
analysis are principally due to eV-iccWW and 
c*c* -* cuWZ, and are shown as the solid curves.37-43 

10. Higgs Boson Searches at the SSC 

10.1. SSC Accelerator and Detectors 

This concludes the discussion of design studies at SLAC and CERN for 
linear e+e- colliders. Our next slop is in Waxihachie, Texas. The 
Superconducting Super Collider (SSC) is a pp collider 53 miles in 
circumference, designed to operated at 40 TeV in the center-of-mass and 
with a peak luminosity of i C ' c n v V , or 10 fb'Vyear. 

For KIggs studied at the SSC one has to assume that very good detectors 
will be available, perhaps better than what one can construct today. The 
generic detector which was used for the design studies which will be 
presented here came out of the Berkeley workshop" and is described In 
more detail in the references. The calorimeter has very small 
segmentation, 0.05x0.05 lowers in units of &<f (azimuth) and An 
(pseudorapidity, ii=-Inian(e/2) where B is the polar angle) and has 
calorimetric coverage that extends to |nj = 5 5. The electromagnetic 
resolution is taken to be CT/E = 151 /VE + 1%, and the hadronic resolution 
is c=/E=501/71+ 1*. The tracking system is assumed to have a 
resolution of a^/p.sftS-pJTeV/cJ. It is not only a very good detector. It 
is also enormous by present-day standards, and would dwarf the CDF 
detector, for example. The tonnage has gone up dramatically, from 4000 
tons for CDF, to perhaps 40,000 tons. 

1D.2. Quon-Cluon Fusion 

The high energy of Ihe SSC accelerator can extend the possible search 
region for a minimal standard model Higgs to masses of almost 1 TeV. At 
these high masses Ihe process that is important for massive Higgs 
production is WW fusion and gluon-gluon fusion.** Cluon-gluon fusion 
is very similar to the WW fusion process discussed earlier jnd shown in 
Fig. 45a), except that now instead of W's thcie are gluons radiated from the 
incoming quark lines. Although there is no mechanism for a Higgs to 



directly couple to a gluon, it can couple through higher order loops 
involving heavy quarks as shown in Fig. 45b). 

a) WW Fusion 

Fig. 45. Feynman diagram for WW fusion is shown in a). 
Th" Feynman diagram for gluon-gluon fusion is shown in b). 
This latter, high order process, is the highest rate production 
mechanism for heavy Higgs bosons at the SSC 

For a very massive top quark, the loop diagram will dominate over the 
WW fusion process. In Fig. 46 the production •»:« for gluon-gluon 
fusion and WW fusion are shown for various values of the top quark 
mass and the Higgs mass. For a 50 GeV top quark mass, gluon fusion 
dominates until very large Higgs masses, above 300 GeV. However, we do 
know that the top quark mass is greater than 77 CeV from CDF 
measurements^; if it is as high as 200 GeV (he cross section for heavy 
Higgs wilt be dominated by gluon-gluon fusion. It is important to keep in 
mind when evaluating the various SSC studies that there is a substantial 
range of uncertainty about the Higgs production cross section due to 
uncertainly in the mass of the lop quaik. 

M„ iTeVl 

Fig. A6. Heavy Higgs production aost section for four 
different values of the lop quark mass. Cross-section is 
strongly influenced by the gluon-gluon fusion mechanism 
where the gluon couples I-- the f liggs through a top quark 
loop.** 

103. Higgs Search Regions at the SSC 

There are three analysts regions considered in the SSC design studies. 
First is the Intermediate mass Higgs search region, defined as 80 
GCV<MH<190 GeV. In this regfcm the decay modes which are considered 
are It'-• ob (aMumir.g MH<ZM T O |>>. H'-»Yr, and through a virtual Z", 
rr-»ZZ"->«*. 

In the heavy Higgs mass range, IW CeV<MH<*K> GeV, the Higgs decay 

through H"-*ZZ-»W is the preferred mode of detection. Finally, in the 

obese Higgs mass range, «XKMH<1000 CeV, the Higgs decays considered 

to have adequate rale are H"-» W *T-» i*vfi »"d W-*Z"L'-* f 1'a 



(j«jct). The ilircc regions and the decay modes of interest are summarized 

in the following table: 

Minimal Standard Model I liggs Search Modes at the SSC 

i) Inlcrmcdiale Mass Higgs 80<Mu<180GeV 

A) H*-»TY 

B) W-f2Z'-i4t' 

C) H*-»bB 

ii) Heavy Higgs Mass Range 1SO<MH<600 GeV 

iii) Obese Higgs Mass Range 600<Mn<1000GeV 

A) H'-tW'W-ji 'ujj 

B) H'-tZ'Z'-ttrji 

Table 14. The minimal Higgs boson searches at the SSC are 
divided into three categories for the different mass ranges. 
Preferred modes for searches in each of the mass ranges are 
shown. 

10.4. Intermediate Mass Higgs Searches 

We will begin with the Intermediate mass legion. In the intermediate 
mass region the Higgs decays predominantly into bb but there is also a 
suppressed mode into yf . Towards the upper end of this mass region the 
ZZ* decay mode increases substantially, this can be seen in Fig- 47, 

Fig. 47. Branching fraction of the intermediate mass Higgs 
boson assuming MII<2RIT.M 

10.5. H-»ir 

The mode H-» yy has a branching ratio of about Iff3, so one expects 
about 500 produced events/year for a Higgs mass oflOO CeV and about 800 
events/year for a Higgs mass of 150 CeV.4 7 The dominant backgrounds are 
qq -»Tf and u~*yr; these are irreducible backgrounds because the final 
state is identical to the signal process. In addition there is background due 
to standard QCD jet-jet events which can fragment to look like yr. this 
particular background is not even considered in the analysis. 

For this analysis two different detector resolutions have been assumed: 
1) an "excellent" detector with <JE/E = I 0 * / V E + 1 % electromagnetic 
resolution. This in itself would be an extraordinary achievement for a 
large scale SSC detector; 2) a detector with 'extraordinary" electromagnetic 
resolution, alfE = 3%fjJE+0.S%. This resolution is achievable only in 
a detector using sodium iodine, or BCO as the detection elemc iz. This 



type of detector might be appropriate for a special purpose experiment 
devoted to analyzing this process. 

With these assumptions, and assuming two choices for the fliggs 
boson mass, M,|=100 GeV and Mn = 150 GeV, a simulated M m mass 
spectrum is obtained as shown in Fig. 4B. For either detector and MH=»100 
GcV, there is no statistical significance for the signal. Only when Mn«=150 
GeV IF there any slalistlcal significance to the result, as summarized in 
T.-ible 15. 

Higgs Mass Detector Mass S:alislictl 
Resolution Resolutian Significance 

100 GcV £=i°2ui% 
E Vf 

1-44 GeV None 

100 GeV 
E 7 E 

055 GeV 2.8 o 

150 GcV o 10% ,_ — = -,—+1% E VE 
1.91 GeV 7.60 

150 GeV 
E ifg 

0.80 GeV 12.0 o 

Table 15. Statistical significance of Ihe H-t JJ- signal over the 
irreducible background.*7 

! 

Fig. 48. Simulation of the process H-»Yi. Shown is the 
number of events/1 GeV as a function of the vr Invariant 
mass. The background curve is due to the irreducible 
processes qq -» yf and gg -»vy. In (a) and ft) Mu»I00 GeV, in 
(c) and <d) MH=150 GeV. The signal Is statistically significant 
only when M H = 1 5 0 GeV. In (b) and (d) the detector 
resolution of electromagnetic particles is set to 
o7E=3%/VE + 0.5%, and in <a) and (e) it is 
o / E = 10%/VE + l* . < ' 



10.6. ll'-»ZZ'-»4/' 

The second search mode for the intermediate mass Higgs boson lhal we 
will discuss is through the process II"-»ZZ"->4/'. In this mode one of the 
Z"'s will be off moss shell. Two analysis regions were considered in the 
simulations'8 for two conjectured lop quark mass values, Mj=55 GeV and 
MT=90 GCV. In view of the recent lop quark mass limits the former is riot 
a likely consideration. If the top quark is sufficiently light the Higgs will 
decay into it preferentially over the ZZ'mode. When the results of the 
analysis are compared this assumption can affect the result by almost an 
order of magnitude The rates for signal and backgrounds are listed in 
Table 16 for a variety of Higgs masses. For the case of M H - H O GeV and a 
light top quark, there are only 16 signal events, so there is not a tot of 
room left to make ruts to eliminate the appreciable backgrounds. The 
situation is a little less bleak for lite higher Higgs masses or higher top-
quark masses with respect to signal vs. background; nonetheless, the 
detection of the intermediate mass Higgs through ZZ* is clearly very 
difficult. 

In order to reduce the backgrounds due to gg-»ZbtJ , isolation cuts 
have to be applied on the leptons to insure that they are not due to QCD 
processes. Typically one sums up the energy in a cone around the lepton 
and limits the maximum energy allowed. Unfortunately this type of cut is 
known to be Inefficient, so when this simulation was first attempted, at a 
time when the top quark was thought to be light, the simulation was 
never completed. Clearly for the high top quark mass the analysis 
warrants further study. 

M H (CeV) Signal 101b-
1 

m-r=90CeV 

Signal 10fb-
1 

nvt=55GeV 

<H!->Z2' 
10fb-' 

gg-tZbb 
lOfb-l 

120 13 3 2 1000 

140 110 16 3 550 

IGO 248 44 2 300 

ISO 143 84 8 300 

Table 16. Signal and background rates for the process 
W->7Z'->A1\ for the case of the intermediate mass Higgs 
boson. The expected rate in this mode depends critically on 
the value of the top quark mass. The irreducible background 
due to qg~*ZZ.' is small compared to the signal; however the 
background due to gg -» Zbb is sizeable- Numbers quoted are 
for a luminosity of 10fb_1 and are piioi to any analysis 
CU|S.*M» 

10.7 pp-»XWH'-»Xc"bb 

The analysis of the bb mode is the most complicated simulation that 
has been performed for the SSC, to my knowledge.90 It assumes associated 
production of the Higgs with a W, pp -» WIl'X, which is a very different 
mechanism from what we have discussed so far, and a very difficult 
channel to observe. The final stale consists of bb in association with a VV. 
Onc must contend with enormous backgrounds from quark-gluon and qij 
production from W s and Z's. The production cross section for a Higgs 
through associated production with a W with a mass of 75 CeV is 3.9 pb, 
and only 1 pb for a 150 GeV Higgs mass. For comparison the background 
for W production is 17 lib. Thus the background starts out 104 times larger 
than the signal with a topology which is quite similar to the signal. These 
rate are summarized in Table 17. 



Signal 
qcj-»W'H"<H' -Jbb) 

Mn=75 GeV 3.9nb 

M H = 1 0 0 GeV 2.3nb 

Mn=150GcV I.Onb 

Background 

qe -»W'q 27nb 

qq ->W'g l.Snb 

qq -tW'Z" 6.4nb 

Tabic 17. Signal and background rate for associated 
production of intermediate mass minimal Higgs, where the 
H'Sgs is assumed to decay exclusively to b-quark pairs.50 

Leplonic decays of the W are selected by requiring an isolated electron or 
muon wiih 25 GeV of transverse energy and missing transverse 
momentum greater than 40 GeV (l£pil>40GeV). To tag the b-jels one 
must require that at least one of the b's undergoes a semileptonic decay, 
and that the leptons have I*T>1 CeV/c. The two b-jets should be rather 
narrow, and the lepton impact parameter, or distance of closest approach 
to the interaction point, S, should be greater than So , 

5 >5-[(5pm)' + (80um/p(GeVrc))'f, or at least greater than SOum. Finally, 
the jet-jet invariant mass is required to be within 20 GeV of the expected 
Higgs mass. After applying these cuts, the raw production rate of 24,000 
events per year is reduced to 41 events for the particular case of a 100 CeV 
Iliggs, with a background of 107events. The conclusion from this analysis 
is that the signal to background is about 1 to 2 over most of the 
intermediate mass range, so this is a tantalizing yet difficult analysis. The 
results of this analysis are summarized in the table below. This is one of 
the few analyses which is sensitive to Higgs masses near the mass of the 
Z°. 

M l ! A M H Signal W+g Z» 
(GeV) (GeV) W+q 

75 16 40 84 0 
100 16 41 84 23 
125 20 22 105 0 
150 2ft 26 147 0 

Table 18. Number of signal events expected after analysis cuts as a 
function of the Higgs mass, for lOfb'1 at the SSC. AEso shown are the 
number of background events from Wg and Wq, and from Z" decays.50 

103. Heavy Higgs Searches at the SSC, H' -»z"Z' -»4*' 

While we have seen that the detection capabilities of an intermediate 
mass Higgs at the SSC are rather limited, such is not the case for a heavy 
Higgs, 180 GeV< Mn< 600 GeV. It has been suggested that a heavy 1 liggs 
can be delected at the SSC in the modes H*-»W"W"-»/'vii and 
H*-»Z'Z"-*4/ i. While the former has a high rate of production but 
serious background problems (which we will discuss further later on), 5 1 

the latter mode Is a straightforward detection channel with little 
background.33-4* The branching ratio for a Higgs to decay inlo four charged 
leptons (electrons or muons only) is small, only 1.4xI0~3. The heavy Higgs 
will only decay to ZZ one third of the time, and the branching fraction of Z 
decays to two electrons is only 3% which accounts for the small combined 
branching ratio. A detector designed to study this mode would therefore 
have to have a large acceptance and efficient identification of leptons. 

As we have discussed before, the heavy Higgs is produced through the 
gluon-gluon fusion process and therefore the expected event rates arc 
sensitive to the top quark mass. The simulations of the four lepton 
detection channel have consequently considered two possible cases for the 
top quark mass, Mj=40 GeV and MT=200 GeV. The rate dependence on 
this parameter can be seen in the table below, where the difference in the 
raw rates is striking for the highest masses. For MH=600 CeV and nrr=40 
GeV, 60 events are expected with a luminosity of lOflv1, but for mT=200 
GeV the rate jumps to 225 events. 



lliggs Mass Raw Kates Detected Rales 
After Cuts 

"1^=40 GeV 
Mn=200 CeV 575 70 
MH=400 GoV 144 89 
Mn=600GcV 61) 4D 

mt„p=Z0O GeV 
Mn=200 CeV 687 93 
M|l=400GeV 560 345 
Mll=600CcV 225 146 
Background 1500 280 

ilij ~t Z°7.° 
PC-»Z'Z" 

Table 19. Iliggs boson rates (or the decay ir-»Z"Z"-»4t'. 
The production of the heavy mass Higgs occurs through the 
gluon-glumt fusion process which is a higher order process 
that is sensitive to the top quark mass. Rates are given for a 
luminosity of lOftr1 al the SSC i/s = 40TeV. Background rates 
are given for the irreducible conlinuum backgrounds 
i)i) -> Z'Z" and eg -»Z"Z".« 

To select the heavy Higgs decay mode, H"-> Z"Z* -» At'r the simulation 
assumed the following selection criteria.-18-52 The leplons are assumed to 
be visible and in the detector, meaning that they have transverse 
momentum pr>10 CcV, and that they are centrally produced in the 
detector with 11) I <2.5. For a high mass Higgs Ihe two Z"'s will have 
substantial transverse momentum, so the reconstructed Z's are required to 
have Pr -̂50 GeV. Also the reconstructed invariant mass between the two 
leplons that make up each Z» must be consistent within ±10 GeV of Mz. 

After these 3 cuts arc applied, there is still a substantial number of 
detected events in cither scenario far the lop-quark mass, as compared to 
tiie backgrounds as can be seen from the table above. The backgrounds are 
from continuum processes while the Higgs still has the shape of a 
resonance, al least in the lower mass range. The result of this simulation 
is shown in Fig. 49. For ihe case of Mn=400 CeV there is a substantial peak 

(or MT=40 GeV and it is even more significant for the MT=2U0 GeV. 
However, for MH=800 GeV the resonance width is so large anJ the rate so 
small that the signal is significant only if MT=200 GeV. For these very 
high masses Ihe resonance is so broad that the I liggs no longer looks like a 
particle. 

MHiffi) * -4011 G*V KHilHMOQ CflV 

iui«ti - ooo <M 

400 (100 (00 
H(IZ1 ICbV) 

mi wi - BOO at 
. . . . r . . . | . i . • ) ! • • • ! 
rnT niropi >2oo(hv _: 

ta^dJ 

lUk*!! - flOO Q*V WHIWI - too c«v 

Woe) - 200 G.v 

60Q 10M 1MO 
KZZHC4W 

400 0 0 0 ' K 0 
H22I ICtVI 

Fig. 49, Mass spectrum for the decay H' -» Z"2' -» 4f'. The 
production of the heavy mass Higgs occurs through the 
gluon-gluon fusion process which is a higher order process 
that is sensitive to the top quark mass. Rates are shown for a 
luminosity of lOfb-1 at the SSC i/s=40TcV. Background 
curvrs are given for the irreducible continuum backgrounds 
qq -* Z"Z* and gg -+ Z'Z\ 5 2 



10.9. Obese Higgs Mass Regime 

The final Higgs mass range that will be accessible to experiments at the 
SSC is the "obese" Higgs mass region, Mtp80u GeV. In this region the 
Higgs Is difficult to detect because it no longer looks like a resonance. The 
rate is also very small. In the heavy Higgs mass range 
pp -> H" -t Z"Z° -+ 41' is the preferred detection channel. For the obese 
Higgs, one would like to consider channels with higher rale, such as a 
p|>->ir-»Z"Z*-*-uuf"r,or n*-i w ' W - ^ ' v j j . These two modes have 
been considered rather extensively. However, the latter mode becomes 
increasingly difficult for higher top quark masses. In fact if Mt0p>Mw then 
the top quark will decay to W particles, rendering this mode unusable by 
high backgrounds from pp-Mt-»W*W bb and other high ia1e top quark 
production modes. 

So the only mode seriously considered is pp-»H"-»Z"Z°-»t>u/'/~. 
This requires a detector that is very hermetic, where you can effectively see 
the missing energy carried away by the neutrinos.52 In Fig. 50 the 
transverse mass distribution is simulated for this process with Mu=S00 
CeV and lufb'1 of data. The Higgs transverse mass distribution is defined 
to be 

where E? is the reconstructed Z° transverse energy and pj the 
reconstructed Z° transverse momentum. 

The only background considered here was due to qq" -»ZZ. Additional 
but smaller backgrounds are expected from gj-»ZZ. The signal 
remaining after all selection cuts was only 17 events. Clearly a higher 
luminosity accelerator that would yield much more than lOftr' per year is 
required. 

o 
-

l i l t i J.H*. iYl.i.1 j.rnH^pfr 
750 1000 1250 1500 17S0 2000 
Transverse Mot* <G«V) 

Fig. 50. The transverse mass distribution is simulated for this 
process np->H"-» Z'Z'-ivvtt~ with MM-BOO GeV and lOfbl. 
The only background considered here was due to qij->ZZ 
additional but smaller backgrounds are expected from eg -»ZZ. 
The signal remaining after all selection cuts is only 17 events. 
Figure is from Ref. [52]. 

10.10. Like-sign W Fair Production 

In the obese Higgs mass region the Higgs sector becomes strongly 
interacting as the unitarity bound is approached." In this regime the 
longitudinal component of the W, which was developed from the Higgs 
sector also becomes strongly interacting. So in the WW fusion process the 
Higgs can be produced by and decay into like sign WW's as shown in Fig. 
51. 

This is an even more interesting mode considering that there is an 
asymmetry in the production rate for W*W*or W-W" which gives this 
production mode a distinctive signature. For example, for 10 fb-1, 43 
W +W+ events are expected but only 14 W- W"events. This is in part 
because in a proton there are twice as many u-quarks as there are d-quarks. 
However, there is a very substantial background to this process from 
single gluon exchange where like sign W pairs can also be produced 



through uu-»<WW'W*. This background is about two-thirds the signal 
from the most recent calculations. This is still actively discussed in the 
literature light now. 

Fig. 51. Feyntnan graph (or strongly interacting Higgs 
producing like-sign W pairs through a miartic interaction. 

Vi. Conclusions 

We began by looking at five experiments that have set limits on light 
Higgs: 

(1) X-ray transitions in p-atoms 

(2) Forbidden transitions in *He* 

(3) SINDRUM x'i«*i»,ir 

(4) NA-31 K J-»«•!!• 

(5) CLF.O B -» H*X 

8 MeV< MH 

3 MeV< MM< M MeV 

lfl< MH< llOMeV 

1S< MH< 211 MeV 

210 McV< Mn< 3.4 GeV 

These three last experiments are all quite recent. The SINDRUM 
measurement was published just a feiv months ago, the NA-31 
measurement is still preliminary and unpublished, and the CLEO result 
was published in February 1989. These experiments exclude Higgs masses 
between zero mass and twice the tau lepton mass There are many other 

interesting experiments not covered here. Including excellent limits from 
ARGUS, a very recent result by Mark II, and results from CU5B. 

We then studied the capabilities of the existing machines to study 
minimal Higgs. SLC and LEP-1 are machines that are coming online, 
operating around the mass of the Z. l.EP-200, in five years, will be 
operating at double thai energy and possibly with higher luminosity. We 
also talked about the future machines: the TLC/CLIC Higgs simulation 
studies and the SSC studies. These are multi-TcV machines operating at 
high luminosity. The accelerators that we discussed in this review are 
summarized in Table 20. 

Machine ff 
• & 

L(m-2 5 - l ) 

SLC/LEIM «*e- Mz - 1 0 " 

LEP-200 «*e- 200 GcV -1031-32 

TLC e*e- 1 TeV 1 xlO" 

cue e*e- 2TeV l x l 0 » 

SSC PP 40 TeV I x l 0 » 

Table 20. Summary of existing and proposed accelerators 
considered here. 

We reviewed what Ihe capabilities of the machines would be for 
minimal Higgs searches. In SLC/LUP-1 the preferred detection mode is 
e'e"—>Z0-*H"Z0'-»bbW. These two accelerators should be able to push 
Higgs searches up to 30 GeV and they might possibly reach 50 GeV. By the 
middle of the next decade with LEP-200 the search region could be 
extended to 80 GeV in the mode e V -> Z" -»ll°Z" -* bbutj. 

We saw that ihe Higgs search range can >>e dramatically extended, 
perhaps t" the TeV range, by TLC, CLIC, or SSC. In the TLC Ihe preferred 
detection mode is in the fusion process eV-»li"uu-»bbuu and 



c'c" -} irmi-» YVWrnJ. The search range examined here could find 
minim.il Htggs in the range 120 GeV to 500 CcV. If the decay W -t lb is 
kineinalically forbidden the search range coidd extend even closer to Ihe 
Z" mass, in the CLIC studies, it was concluded that in the mode 
c'c -»li"uu-» WWou, at live times design luminosity, the search region 
could be extended to 1 TeV. 

In Ihe SSC studies that we reviewed we saw how difficult the 
intermediate mass search region was, particularly how hard it was lo find 
the Higgs decay inlo /». We also looked at the gluon fusion modes. In the 
decay ll°-»Z"Z°->4<' the search region extends lo MH=600 GeV, and if 
the top mass is quite heavy, as high as M H = 8 0 0 GeV. At a higher 
luminosity intersection region at the SSC one might be able lo find the 
minimal Higgs up to one TeV, particularly in the interesting doubly 
charged mode W W . 

There is a large body of literature and reviews which are well worth 
reading for further indepth sludy on the topic of minimal Higgs 
searchesM4-5* Not covered in these "cctures was the topic of non-minimal 
Higgs such as those predicted by supersymmetric models. Extensive 
discussion of these models and studies of Ihe experimental search 
possibilities are contained in the literature.2^5 
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1. Introduction 

In these two lectures 1 will discuss due lro weak symmetry breaking from a 
general perspective, stressing properties that afe model independent and follow 
just from I lie oHKiiinptioi) that tlie eleclruwcak interactions arc described by a 
spontaneously broken gauge tlieury.1 This means I assume the lliggs mechanism3 

though not necessarily the existence of ffiggs bosons, 

The Higgs mechanism requires the exigence of a new force and new quanta, 
which I refer lu gunnrically as 

CSH = Isyjumutry Urraaihg* 0 - 1 ) 

the Lagraiigi.ili of the still unknown symmetry breaking sector. We will sec that 
the general framework is sufficient to tell us a good deal about the range of possi
bilities fur £.,•«. In particular, general symmetry properties together with unitarity 
imply that the new physics tit CSB m«*t emerge at or below ~ 1.8 TeV in the scat
tering of longitudinally polarized gauge bosons, IVLII'I, -* WLWL? If the quanta 
of CSB are niurli lighter than 1 TeV, then there are narrow Higgs boson* and 
Csn htm a weak interaction strength that is amenable to perturbation theory. If 
the new quanta lie above 1 TeV then CSB ' S * strongly interacting system with 
a rich speclnunv there are no narrow Higgs bosons and perhaps none aL aj), the 
theory cannot be analyzed pcrturbalivoly, and we say that the Higgs mechanism 
is implemented "dynamically*. 

I will argue that the SSC is a niininifd collider with the assured capability to 
allow us to determine which possibility is realized in nature. The point is that the 
SSC is (just] suflirieiit to observe the signal of strong WW scattering tliat occurs 
'f CSB I'VO "hove | TcV. Therefore we will lear>» from the presence or absence 
of the signal iii. SSC experiments. If the signal docs not occur it means that the 
physics lius below 1 'II:V, in contrast to the more typical situation in high energy 
physics where a negative search at a given energy leaves open the possibility that 
still higher energies may be needed. This is the sense in which the SSC is a 
"no-lose" facility for the study of the symmetry breaking mechanism. Of course 
the technical challenges to realize this potential are enormous, both in accelerator 
physics (luminosity of KPcnr ' s" 1 is essential) and especially in the experimental 
physics of the detectors. In the second lecture (Section Q) I will discuss some of 
the signals and backgrounds thai must be mastered. 

The first lecture (Sections 1-4) presents tin; general framework of a sponta
neously broken gauge; theory; 

• the Ilfggsjnedianbimsw jencrw, with or without lliggs boson (s) (Section 2) 

• the implications of symmetry and unitarityfor the mass scale and interaction 
strength of the new physics that the Higgs mechanism requites (Section 3} 

In addition I will review a "softer" theoretical argument based on the "natural
ness" problem (Section 4) which leads to a prejudice against lliggs bosons unless 
they are supcrxymmctne. This is a prejudice, not a theorem, and it could be 
overturned in the future by a clever new idea. This is a good place to remember 
the slogan: alt theorist* to be presumed guilty until proven innocent. 

In the second lecture I will illustrate the general framework by reviewing sonic 
specific models (Section 5): 

• the Weinberg-SaUm model of the lliggs sector 

• the minimal supcrsymmctric extension of the Wcinbeig-Salain model 

• technicolor as an example of the lliggs mechanism without lliggs basons. 

I will conclude the second lecture with a discussiou of strong WW scattering 

(Section 6), that mustoccur if £^a lives above 1 TeV. In particular I will describe 

some of the experimental signals and backgrounds at the SSC. A brief summary 

is presented in Section 1, 

A more complete review and more extensive bibliography c«m t*v found in 

ftcf. 4. 

2. T h e Generic Higgs Mechanism 

ID this section we review the Higgs mechanism in its most genual form. The 
basic ingredients are a gauge sector and a symmetry breaking sector, 

C = £fr*gfi + CsB. (2.1) 

^gauge i* an unbroken locally symmetric = gauge invariant theory, describing 
mauleas gauge bosons that are transversely polarized, just like the photon. Ru
in stance, for SU(2)L x V(l)v gauge symmetry the fauge bosons are a. triplet 
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\V = Hri, H'3, HCi corresponding to the generators F r, and a singlcL gauge boson 
.V corresponding to the liypcrchargc generator Y. If there were no Csu* tlic 
unbroken SU{2)L nonabd.an symmetry would give rise to a force that would 
confine quanta of nonvaniaiiing 7 t, charge, such as left-handed electrons and 
neutrinos. 

In the generic Higgs mechanism CSB breaks the total (or gauge) symmetry 
"f ^gange- To 1̂° so £SJ? must possess a jfokf symmetry G thaL breaks sponta
neously to a subgroup H, 

C - . //. (2.2) 

In the clcclrowcak theory we Jo not yet know cither of lb*? groups G or / / , 

G = ? (2,3*) 

/ / = ? (2.36) 

We want to discover what they are and beyond lhal we want to discover the 
symmetry breaking sector 

£5* = ? (2.4) 

including the mass scale of it* spectrum 

MSB = ? " {2.5) 

and the interaction strength 

AiA = ? (26J 

Equation (2.4) is the 64 x 10* dollar question (in then-year dollars, more or less). 

Wc do already know one fact about G and /f. The S0(2)L X U{l)y gauge in-

variance of L = £gaagc -f-£$fi is a local symmetry, meaning that it i i an in variance 
under transformalions that depend on space-time, 

« ' 7 W ' J i t W ( 2 7 ) 

C7 and ff arc global symmetries of CSB, meaning that they are symmetries which 
do not depend on space-time (i.e., as Eq. (2.7) would be if / a n d fa were constants 
rather than functions of 1 = x, 1). Therefore G must be al least M big u SU[2)t x 
U{\)Y or CSB would explicitly (as opposed to jpoflraiiaiiui'y) break t h j Sf/(2)i, x 

1 

fJ(\)y gauge symmetry. Similarly / / must be at least as big as f/(l)f.;nt or the 
theory afLcr spontaneous breakdown will not accommodate the unhroken gauge 
symmetry of QED. That is, in order to be consistent with the desire*! pattern of 
breaking for the focaf symnrctry 

S r V ( 2 ) L x E / ( i V - £ > ( l ) , 7 « (2.8) 

the spontaneous breaking of the global symmetry of CSB 

G-*ti (20) 

is constrained by 

G D SV{2)L x V{\)Y (2 . I0D) 

J / 2 V ( 1 ) E M (2-10*) 

S T E P I: 

There are two step* in the Higgs mechanism. The first han nothing to do 
with gauge symmetry—it is just the spontaneous breaking of a global symmctiy 
a* explained by the GoJdslonc theorem.1* By spontaneous symmetry bitaking 
G -* ff w* mean that 

G= global symmetry of intentions of CSB (2 Ma) 

while 

/ / = global symmetry of I he grounJ-sUte of CSB (2.116) 

TJiH-a, the dynamic* of CSB *** such that t̂ w slate of lowest energy (the rtcuum 
in quantum fieW theory) has a smaller symmetry group than the force laws of the 
I^graugaia. Goldstone's theorem tells us that for each broken generator of G the 
spectrum of CSB contains a massless spin zero particle or Goldstone boson, 

# of manias scalars 

= # of broken symmetry axes 

— dimension G — dimension H 

= # o f energetically flat directions in field space. (2.12) 



Tin- |j«t liiu- is (he elm; tu the proof of the lliooreni; tua-ises aria*: from teriiu that 
are qua<1rattf in the fields, 

j C t i i a a ^ - j m V * (2-13) 

su a field direi-lion llial is locally flat in energy (i.e., goes like <f>" with n > 3) 
corresponds to a linwHlesn mode. 

TJif rliusKic example is tlic hypersouibrero* potential. Consider a triplet of 

MCalaFfl 

«? = ^i,9i.s5s (2.11) 

wiLli iiitcr;ittiiiiiM dettcrihed by the potential V(yj): 

!/(y) = A ( / - i . 3 ) s 

= A l v 3 ) I - 2 A t » V ' + A^ (2,15) 

A is Hie iliini'iisii'iileiid coupling constant ami v i s a real co>i*ta.ut with dimension 
of a tiiiiM, Tlur ghihal ayimmitry group is 

G = 0(3), (2.1*3) 

Kfcc the symmetry of ordinary space, Tfitire arc three symmetry axes, i.e., gener
ators, so 

d»nC = 3 (2.17) 

(in genera! for O(JV) the dimension in /VfiV - l ) /2) . Since C cc - V wc sec 
comparing KIJ*. (2.15) and ('2.13) thai our scalars are Uthyona, 

m 2_ = - U u * . (2.18) 

Ilawi'vfT (2.IB) is not a true description oC the spectium because we have nut 
identified tin- gxuimd statu of the system. Equation (2.18) is expressed relative to 
llic state y7 s 5, but we sec that (2.15) has its ground a late (in lowest order) at 

# = v\ (2.19) 

"Vou tmuM r«<i|,mie il u * •omlxcfo- iTyou plotted il in four Jim«iMcMu iritk thru U M 
for ihe y and the fuuilli for f. 

*-

The classical ground state breaks ilie fl(3) symmetry, since one cnriipont-'iit of 
'^ is singled out to be nonvanishing, Wc define the axes and that tin', special 
component is ifox and (tie classical ground state U given |iy 

yto = u (2/JDn) 

The ground statu settles (vponUneonsly) on one of tlic in Unity of possible 
equivalent dJrectiMs. The fact that it could have equivalent!y pfclwr Any other 
direction means that the potential i» locally Hat under rotations that would carry 
ip3 into a different direction, i.e., that there are masslcas modes associated wilfi 
the axes (generators) of those mtalinji*. These latter arc precisely the broken 
generators, which are no longer symmetries in the ground state. (*old.stone's 
theorem then follows. 

For our iiyperauinbrcni the rcma'niiig symmetry is 

II = 0(2) (2.21) 

the rutalions about the rb axis, so 

tlinieiisiuii / / = I (2.22) 

and fratn (2.12) HC expect 3—1 = 2 musltas panicles. Wc '•asily clwck this by 

redefining ys 1° vanish in the ground slate: 

V, — V3-H>. (2.23) 

In terms of the new field with y>j = 0 the potential V is 

V(<p) = M<?f + M W + «At>V3- (221) 

Notice thai (2.24) clearly lacks the full 0(1) symmetry because uf the last two 
terms but is only invariant under the 0(2) rotations that inix up *pi and <?2- Notice 
also the absence of m m terms fur ifit and y^, so that rnl = ntj ^ D as exjtecLL'd. 
Finally notice that 9 , has a mass term Willi the currccl sign (in contrast to the 
tachyonie masses in (2.15)), given by 

m, = SSr. 3 . (2.25) 



PLEASE 1)0 NOT BE DECEIVED by the previous example however. The 
csspnti.il features are the symmetric of the Lngraugian (G) And the ground state 
(/ /) . Klriiit-iitaty sealars nrc nof essential: if it is necessary Lo make J. Goldslonc 
happy, Cod in a km composite scalars. He has (almost) already done So on at 
least one occasion. Tli.it is, we brlicvc on the basis of strong theorctiraJ and 
rxpcrimenlal evidence Llmt QU1> with two niassleas quarks is an example of his 
cooperation in tins regard. The initial global (flavor) symmetry is 

G = .W<2),, K SU{2)a (2.2G) 

since we can perform separatr isospin rotations on the right and left chrrality u 
and d mnrka. Tlie ground stale is believed to have a nonvanish'mg expectation 
value fnr the bilinear operator 

<l?t"n + 3*rfH + n.c-)B + 0 (2.27) 

where A.<\ = berftiiteau, conjugate. Equation (2.27) breaks the global symmetry 
spontaneously, 6* -* / / , where 

) / = SV(2)L+n (2-28) 

is tlie ordinary isospin group of nuclear and liadron physics. That is, (2.27) is not 
invariant tindrr independent rut aliens of left and right helirily quarks but only 
mulct rotations that act equally on loll and right h el id ties. In this example, 
dim G = Oanrl dim // = 3 so we expect 6 — 3 = 3 Gold stone bosons. In nature we 
believe they are the pi on triplet, * 4 , i r ~ , * 0 , which are much lighter than typical 
Madrons herause the u and <t quark masses are \ety small,7 of order 10 MeV. 
(I refer In the "current"* quark masses, the parameters tint appear in the QCD 
LagTangiaii.) 
STEP II: 

In f lejr I we ronsidcrrd only the global symmetry breakdown induce*? by &t& 

GuUUluhi/s trrritnry. Now we consider the interplay of CSB w>tl* £gaugc-

The essential point «f the lliggs mechanism is that when a spontaneously 
broken generator of CSP coincides wit It a generatorof agaugcinvarianceof Cgaagr, 
(he associate Ciolclstu.ie bosun n* and massless gauge boson W mix to form a 
massive Range boson. Th«- number of degrees of freedom are preserved, since the 

Gold stone boson disappears from the physical spectrum while the gauge boson 
acquires a third (longitudinal) polarization state, Wc will see how this occurs in 
general, without assuming the existence of elementary scalar particles. 

By assumption the Goldstonc boson w couples to one of the gauge currents, 
with a coupling strength / that has the dimension or a mass, 

/ ia analogous lo P., the pion decay constant. Equation (2.24) means thai an 

effective representation of the cuiic-nt contains a term linear in w, 

• W M ^ / f l - " ^ ) * - (2.30) 

In (lie Lagrangian Jga>ige is hy definition couptcd to the gauge boson Wu

t 

where j is the dimensionlcss gauge coupling constant. Substituting Eq. (2.30) wc 
find 

£ g » « g e = ^ / » i ( 8 * « ' ) / - ( 2 K ) 

whidi shows that IV,, mixes in the longitudinal (parallel to p) direction with the 
would-be Goldstone boson w. 

We can use (2.32) to compute the \V mass. Before- symmetry breaking the 
IV is masslesS and transversely polarized. Therefore as in QED we can write its 
propagator in Landau gauge. 

l ^ = ~[gT-^- (2.3-1) 

In higher orders the propagator is the sum of the geometric series due to "vac
uum polarization", i.e. f all states that mix with the gauge current. The vacuum 
polarization tensor ia defined as 

l]-*(fc) = - JdlkE-'kr{TJ"ix)J"iO))o 

, , • £ 2 - ^ _ « _ £ : ) + - (2 .30 

In (2.34) I have indicated explicitly the contribution from the CoIdsLonc INTWJU 

pole: the factor 1/fc1 is just the masslcss propagator and the factor (^// ' i ) 3 *Ati 
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be recognized from Eq. (2,32). The only lubtle point is the g"" in (2.34). It it 
present sluco gauge invariatice requires current conservation, k^ttr* — 0. Since 
it is a consl*«t term with no absorptive pari, its presence doc* not change the 
spectrum or the llicury. (Iti theories with elementary scalars it arises automatically 
from the Vajsuir interaction given by the Kcynman rules.) 

Finally we compute the W propagator from the geometric scries (Fig. 2.1): 

= (z>0 + P 0 np 0 + . . . r 

4P 
k'k' 

4 

(2.35) 

The niBjslvaa ColUyiocic boson pole induces i pole in Lke g m i / boaon propagator, 

From the measured valu" *>f the Fermi constant, 

0F ~ %—r - - 4 - (2.37) 
A&Mb yftp 

we leani thai 

/ ~ 2 5 0 < 7 c K (2.38) 

Customarily instead oF / we refer to v = / , the so-called vacuum expectation 
value. This custom, which I will also follow (though it is in general not appro
priate), derives from theories with elementary scalar fields (see Section 5) where 
•v = / in both the coupling strength of the Goldstone boson u> to Jjr.xugci as in 
(2.29), ami is also the value of the lliggs bason field in the ground stale as in 
(2.19). However the above derivation shows that there is no need for any physical 
Iliggs scalar to exist. The condensate that breaks the symmetry may in general 
be of a composite operator, as. in (2.27), and may have no simple relationship to 

4- + 
-AAAAAft T / W W W VVAAAAA 

W W W W 

Figure 2.1: Geometric series for the W propagator corresponding to 
Eq. (2.35). 

12-



the parameter / = t l defined in (2.29). For instance, in QCt) there is no triv
ial relationship between Fr and (uu + (?ii)o (though there is a nontrivial relation 
itivulvirtfi fii so llii* quark mid pi on masses8). 

I iviH ioiicludc this discussion of the Higgs mechanism with two more topics: 

I. Tlic significance nf the p parameter for the global symmetries of C$#, 

1. The equivalence llicorem wh'irli allows us lo connect the Goldslonc boson 
dynamics of £$& with the scattering of longitudinal gauge bosons in the 
laboratory. 

First, what do wc learn from the experimental observation that to within a 
few percent 

' \M7,cas8wJ * ' 
In deriving (2.3G) I was Careless with the T^L indices and did not discus? the '£ 
mass. More carefully, instead of (2.20) I should have written 

(o|, / ;K) =<•»«£«.» (2-40) 

where a,b — 1,2,3. Choosing 

ur4 = - ^ ( U T ! ± iiira) (2.41) 

we sen that V(\)EM rotates the 1 and 2 components into one ajiother. so that 

"0)EJW in variance implies 

/ . = / > • (2-42) 

What ahonl / 3 ? h there an analogy to the isospin symmetry of hadron physics 
that ensures j t = f3 = / 3 ? 

As in the derivation of (2,36) we find thai 

Miir* = \gfx (2.43) 

hut for the W$ and X bosons (associated with Tjt *od Y) we find with an anal
ogous calculation the mass matrix 

l«aW «l HMrf W , 2 < 0 

where J and o* 4K the .Vf/(2)i. and C ( l ) r couplings. The diagoiializcil matrix is 
then (since it has zero determinant) 

'A-r:) 
so that 

A'J = JAV + s") (2iR) 
M, = 0 (2.47) 

are the eigenvalues, the etgenstates Wing 

Z = l f j c o s # . + j:tiaff„ (2.48a) 

/I = - l f , s i n » . + JVcos*.. (2.486) 

The mixing angle is 

and the p parameter a then 
«•'*•-jiTF ' 2 " 9 » 

P = {/,fh)7- (2.50) 

Equation (2.50) (caches us that /> = 1 is connected with the existence of an 
isospin-like symmetry in CSB- In particular if the global symmetry /f of CSB 
encompasses an Stf(2) under which lii and JJ are triplets, then it guarantees that 
h = i i " d that p = I to all orders in the (possibly strong) interactions of £SB> 
In this sense il functions as a "custodial" S(/(2) since it protects /> = I against 
corrections from CSn' Convrrrrly. it can be shown that s>=\ implies that the 
low eiKrgy interactions of the Goldstone bosons u? obey an effective custodial 
SV(2)t*n symmetry,'0 which ntiv< not however be an exact symmetry of CSB-

The custodial 5(/(2) symmetry also underlies the upper bound on the top 
quark mass from one loop corrections to the p parameter" (or equivalent^ to a 
quantity called dripolherrenormalizatkmschemes). The mass difference *rj|—mfc 

breaks the custodial isospin, resulting in a correction to p proportional to fffm| 
for mi "> Mw- Analyses 1 2 of the experimentally allowed deviations from p = I 
suggest an upper bound of ~ 200 GeV for m,. 

Finally I will describe the equivalence theorem, which relates the Goldstone 
boson physics of CSB to observations that can be made in the laboratory and 



therefore suggests an experimental t ategy lo study the physics of CsB- The 
complete eleclroweafc Lagrangian C, !£«,. (2.1), is of course SU(2)i x U{\)y gauge 
invariant, so that physics does not depend on the choice of gauge. In the V 
(unitary) gauge only physical degrees or freedom appear til C and, in particular, 
the Gohlslone boson fields vanish, ti» = 0. fn H (rcnorinalizablc) gauges, of which 
there are an infinite (lumber, the Gold stone fields m do appear in C and in the 
Feynnian rules, though gauge iiivarianrc ensures thai they do not appear in the 
physical spectrum (Le-, they never generate poles in S Matrix elements). Since 
they engender the longitudinal gauge boson modes, 11'/. anil £&, iL is plausible 
that WL and %L interactions rel.eet the dynamics of tp. The equivalence theorem 
is the precise statement or this proposition, 

-Vf(ll ' i (p.) ,U' ( . (f t) . . . . ) = J M ( - ( P I ) . B ( P I ) , - •)« + 0 ( ^ ) • (2.51) 

The theorem was established in tree approximation 1 3 and used in a variety of 
calculations. 1* - 1 0 Reference 15 sketches a proof to all orders which is not however 
easily extended to matrix elements with more than one external lVj,. A proof ID 
all orders in both Csp a " d £gauge is given in Kef. 3, and alternative treatments 
have \MX.W gwcTi for the portion of the proof ol lief. 3 that is based on llie BRS 
identities," The suggestion has been made that the theorem may fail at higher 
orders, though not confirmed by an explicit calculation to one loop, 1 1 or that it 
may fail at higher orders in £gaugc- 1 9 My own view is, coincidentally, that of Ref. 
3: that the theorem is valid to all orders in all interactions when the Coldslonc 
boson fields arc appropriately rcnormalized. 

The theorem (2.51) tells us that scattering of longitudinal gauge bosons at 
high energy reflects the dynamics of the underlying Ooldstonc bosons. We will 
use this connection in the next section to learn more about the general properties 
of CSB-

3 . S y m m e t r y and Uni t a r i ty 

In tli is set lion we continue to extract the general properties of the Higgs 
mechanism. We will use the general symmetry properties oF CSB, Eq, (2.10), 
and unitarity. The, symmetry properties imply low energy theorems for WLWL 
scattering 3 ' 1 0 that correlate the unknown mass and interaction scales of £$B* (25) 
and (2.6), and allow us to estimate the scattering amplitudes if CSB is strongly 

interacting. Umlarily then implies an upper limit OIL the energy scale at which 
the physics or CSB must become visible and probably also an upper limit on 
the unknown mass scale Msu- Experimental implications of these results will he 
discussed in Section 6. 

Begin by considering CSB in the absence of £gaugc* The spoilLaneuiis sym
metry breaking pattern G —* H is sufficient to derive low energy theorems fur 
Golds tone boson scattering in terms of the constants / 4 that characterize the cou
plings of the Goldstone bosons to the symmetry currents. The earliest example 
Is the Weinberg vx low energy theorems. 3 0 Assuming the pi on isotriplet to be 
the aimost-Gotdstone bosons associated with SU('2)L x SU{2)R -* SU{2)L^U in 
hadion physics, Weinberg showed f>i example that 

M[***- -+ ,V) = i (3.!) 

where F* = 93 MeV is the pion decay constant. Equation (3.1) neglects 0[m]) 
corrections (which axe in fact calculable) and Is valid for low energy, defined as 

i < niihihi4m{n£ ((4ffF3r)'}. (3.2) 

The low energy theorems can. be derived by current algebra or effective La

grangian methods. The proofs have two important features: 

• they are valid to all orders in the Golds tone boson self-interactions. This 
is crucial since those interactions may be strong (as they arc for the pion 
example) so perturbation theory is a. non-starter. 

* We needn't be able to solve the dynamics or even to knuw the Lagrangian of 
the theory. If fact the xx low energy theorems were derived in I'JGG before 
QCD was discovered. (Add we still don't know today how to compute n r 
scattering direct!*' in QCD.) 

The current algebra/symmetry method was important in the path followed in (he 
1060's that led in the early 1970*s to the discovery that CUAOBON - Cqco- What 
can it teach us about £ J B ? 

if G = SU{2)L x SU[2)H and / / = $U{2}L+ii as in QCD, :hc* we can 
immediately conclude tha t 3 
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at tow energy, 
.» < minimum),IfJr,,!-.*!')7}. (3.4) 

A5 in fa). (.1.2). Here Msn tf lliir lypirnl mass scale oJ £.w »nd i> ~ | TeV, E*js. 
(2,37 8). More generally, elcctrowcak gauge invariancc requires Eq. (2.10) from 
wliirh «r ran deduce the mwe general res till 1 0 

M{w+w~ - » s r ) = - 4 - (3-5) 

Equation (3.5) is arguably more soundly l > v d ihnu (3.1) was in 19G6, since (3.5) 
isa general rtniwmiriH'e «f gauge in VAT! AH re arid the \Mgffi mechanism while (3.1) 
was bawd on inspired guesswork as to the symmetries underlying hadron physic*, 

Wc cnn next use Lilt? equivalentelhct>icm, (251), to turn (3.5) into a physical 
statement about longitudinal gauge boson scattering. In particular wc have 

M(\Vl\V£-*ZLZi.)=i± (3.6) 

for an energy domain circumscribed by (3.1) and (?.!il) as 

Af&- < » < min imum^f j f l . (4n i ) J } . (3.7) 

The window (3.7) may or may not exist in nature, depending on whether MSB 2> 
Af,». 

It is amusing that the low energy theorem (3.G) is precisely the Famous "bad" 
high energy behavior that the lliftrs mechanism is nrrded ID cure — this emerges 
most clearly in the derivation of (3.6) given in ReF. 21. C$B must cut off the 
growing .impliluilt? in (3.6). UnUarity implies a rigorous upper bound on the 
energy at which this must occur. 

The: partial wave amplitudes Tor the Coldstofie Scalars (or for the zero hclicity, 
longitudinal gauge bosons) arc 

M « ) = ̂  fd{cm6)Fjic**9)M(st6) (3.S) 

where $ is the center of mass spurring angle. Partial wave unilarily then requires 

I M * ) ! < 1 . (3.9) 

Putting p = i, rVis. (3.6-3.9) then imply 

M W ^ i - ZLZL) = ~ < 1 (3.10) 

so that the amplitude must lie tlampeil at a scale IKMKHIOI by 

A c t o f f S ^ ' - a l - ' S r r V . (3.11) 

That \\ new physics fiom £511 must elTerl the s(-alleriti|; al an enprgy srale 

bounded by (3 11) 

At the cnlelT. a S ()(A), the .1 = 0 wave in 

-o(A) ^ ( 3 . 1 2 ) 

which implies the promised correlation between the strength of the interaction 
and the energy scale uf the new physics. If A £ J TeV then flo(A) & I / I T , well 
below the uniUrity limit; then C$p has a weak coupling and can be analyzed 
pcrluibatiwcly. For A £ 1 TcV, w Ume a 0(A) Z 1/3, which is close to saturation; 
this means CSB « » strong interaction theory requiring iionpcrturhMivc methods 
of analysis. 

Though it is not rigoniui, the most likely case is that A^ u ( a (f = ASH <S of 
order the typical mass stale Jl/ S f l pf the cjnantn of C.SH. 

ASH* Ms*. ( 3 " ) 

I can't prove (3.12) but can illustrate it with two examples. Thi first is the 
Weinbcrg-5alam model, in which s-cbannel Higgs exchange provides th(* contri
bution that cuts off (3.10). I assume that m» > A/H- but that m w is small 
enough that perturbation theory is not too bad — say TT%H -a 700 GeV so that 
A/4* a = mJffStv7 ~ 1/10 (sec Section 5 below). Then I can calculate in tree 
approximation, with the result 

••W = j7r4 - 7ir4 -JL-F <3-H) 
I6ar 3 I6ar 3 a - tnff 

where the first term arises from £gauge and the second from the d-channol fliggs 
boson exchange given by CSB now assumed to be the Wcinberg-SaUrn Higgs 
sector (KC Fig, 3-1). For a < mj, the first term dominates, giving the- low energy 
theorem u it must. But for J > raj, the two terms coinbtnr to give 

* | , = # 5 - P.IS) 
lj > m i I own" 
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Figure 3.1: Leading diagrams far W+W~ -» ZZ, including interac
tions from the gauge sector (a) and the a-channel Hfggs boson ex
change (b) -nt!cK<|. (3.I4J. 

-Zfl6-

Comparing (3.15) with (3.12) we sec that {3,13) is indeed verified, i.e., A = "*i/. 

Consider next a strongly-coupled example. In this case we expect to app ox-

imately saturate the unilarity bound, 

AStroag ^ W ? " = ° ( 2 ) 7'eV. (3-16) 

I can't solve for MSB in this case but I can relate the problem to one that has 
been studied experimentally. In hadfon physics the saturation scale from [3,1) 
would be 

Alladron s *J*J» - BMAieV. (3.IT) 

Experimentally we know this is indeed of the order of the mass of the lightest 
liadrons, e.g., m, = 770 McV. This is not surprising: in strong coupling I henries 
we expect resonances to form when scattering amplitudes become strong, as Uiey 
do at the energy scale of the unitarity bound. 

So we expect A = MSB for weak or strong £ A - H . The two generic cases are 
shown in Pig. 3.2. For weak Csa we expect narrow resonances below 1 TeV — 
these arc just the Higgs bosons. For strong CSB we expect broad resonances in 
the vicinity of I to 2 TeV and strong WL\VL scattering, both of which can be 
observed at an appropriate collider. 
4. T h e Natuc»(nesi Problem 

In this section I will review the so-called "technical naturalness problem1* 
that afflicts models with, elementary lUggs bosons bcc&use of their quadratic di
vergences. 1 will also review two possible solutions: supersymmetry and ted mi-
color. Both eliminate the offending quadratic divergences — supcrsyjimiciry by 
guaranteeing their cancelation and technicolor by doing away with elementary 
scalara. Both solutions also require new physics at or helot- the TeV scale, where 
it can be found at the SSC. The natural scale for technicolor is ~ 0(2) TeV since 
it is a strongly coupled theory which saturates the unilarity bound, Eq. (3.11). 
Supersymmctry must also appear at or below the TeV scale if it is indeed the 
explanation of the naturalness problem, since as the SUSY breaking scale grows 
beyond the TeV scale the problem begins to reappear. 

There are two aspects of what is called the "naturalness" or "gauge hierarchy" 
problem. The first is the physical origin of the very small numbers MwfMcvt = 
10~" or MwjMpu*ck * 10~ , T . The second is a technical problem that is specific 
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Figure 3.2: Typical behavior of partial wave amplitude! for WLWL 

scattering for a weakly coupled model with narrow (Higgs) resonances 
(top figure ) or a strongly coupled model with broad resonances in the 
1-2 TeV region (bottom figure). 

lo Higgs boson models; even if the gauge hierarchy problem has a natural solution 
in lowest order. Hie quadratic diwrfceiirn. associated will) scalar fields induce one 
loop corrections that destroy llir hierarchy. In ordinary [liggs boson models these 
corrections require an order by order line tuning of Hie subtraction constants lliat 
•jctns physically unnatural. In this section I will discuss this technical naturalness 
problem. 

Consider the standard lliffis boson tnoucl, to be reviewed in Section S. The 
potential V contains a wrong-sign (laehyonic) mass term for ir and A. given by 
thecoeiricirnlof J(lr3 + A 3) in Eq. (S-4) . equal lo -au». Because of the lacliynnie 
sign, the state of minimum energy has a condensate v. mtillinn in zero mass for 
the triplet iB and a mass + / U ? (or h. The one loop quantum c-.ne.lioh (Fig. 
•1.1) is quadratically divergent. 

DA f d't 1 , , , , 

Though expressions like Eq. (4.1) are shocking lo novices in field theory, they lose 
their shock value as the student masters ( i.e.. is brainwashed by) the renormal 
ization program, which shows that finite predictions can he extracted al the cost 
of a small number of subtractions or redefinilions. Most notably in the ease of 
quantum electrodynamics this program has been extraordinarily successful. The 
divergv-uce in Eq. (4.1) can be removed by introducing » couulcrlcriii ""at in ef. 
feet shifts the initial value of Ai>' by an infinite constant cancelling the divergence 
generated in Eq. (4.1). 

In the rcnornialization program We renounce any attempt lo understand the 
physical origin of those parameters requiring subtraction - their values are sin., 
ply fit to experiment - but we are then able to obtain finite prediction- for all 
other physical quantities in Ihe theory. To understand the naturalness problem 
it is necessary to go beyond this limited, though powerful, perspective and to 
u k questions about the origins of the subtracted quantities, assuming they will 
eventually be understood and calculable in the context or another theory formu
lated at a deeper level. The expectation is that the deeper theory introduces 
new physics at high cne-a that cuts off the divergent behavior ol integrals like 
equation (4.1). Denoting the energy scale of the new physics by A. equation (4.1) 

http://c-.ne.lioh


Figure 1.1: Quadratically divergent contribution to Iftggs boson self-
energy, as iu K(j. (4.1 J. 

would by replaced by 

* < " l A | = 6 ' ^ i A a <•' - ) 

when,* C is a numerical cunsLant of order unity. 

Kqualicn (4.2) tells us that t he parameters of HrggK model* are hypersensitive 
to the high energy scale of the deeper underlying theory. For example, the JJiggs 
boson mass, given in lowest order by ra2

fl ^ 2\vd, might reasonably rang*- from 
tens of McV to perhaps the TcV scale. The scale A of tlm deeper lln-ory n.i*Jit be 
the scale of Grand Unified Theories, AIa,T = G(iQ 1 4 ) GcV, or even the J'lanrk 
scale Suggested by supcrstring and supergravity models, ^/|'|in(k = ^ 10 1 8 ) f»cV\ 

Writing the physical mass as the sum of a bare mass plus the one loop cor
rections 

we sec that the bare mass must be tuned with exquisite precision to make the left 
Hide much smaller than the two terms on the right side. For instance, if tn}t = 
1 TeV and A = J*'ptmci( then the cancellation on the right aide must wuik lo 
one part in 10 i r ! Of course the renorn] allocation program alluws us to arrange 
the cancellation to any desired precision, but viewed from the perspective of tin* 
deeper theory such a cancellation seems extremely unnatural — one might even 
»y , in the absence- of any principle requiring or explaining such a cancellation, 
that it is absurdly implausible. 

Though the term is also used in other ways, this is the naturalness problem 
that uniquely afflicts Higgs boson models, ft may be thought of us as an insta
bility of the energy scale of the theory against quantum correct]una thai tend 
naturally to drive the scale to violently larger values. The problem tmiqiiL-ly af
fects IVlggS models because in 3 -f 1 dimension.) Lhe only renonnalizable theories 
with quadratic divergences are those containing: scalar fields. For instance in un
broken gauge theories like QED or QOD divergences arc at most given by powers 
of logarithms. If instead of the quadratic dependence on A in En;. (4.3) there were 
a logarithmic dependence, 

"»« = m *.bare + ^ " " ^ b a r e 1 " — (*A) 
T '"'l.bare 

then oo fine tuning would be needed even for A as large as Jlfpjancfc-



Two sh.iU'girs have been pniposrd l« deal with the naturalness problem. 
Our is W> Mippuu* Hint tin* symmetry hirnking srrlm\ CSB* does not contain c|-
cnietit.irr Ificgs hosons. In particular, in technicolor models" C$B •* presumed 
lo be n confining gauge theory like* QCI) at a mass scale roughly vfFw — 27CHJ 
times greater than the (>V mass scale of QOI). Since QCD IS known to undergo 
spontaneous symmetry breaking, with SV^l)i, x SLf(2)R breaking to £ { / ( 2 ) L + / I , 
giving rise lo three GoMstcmc bosons (the pious), it is plausible that a similar the
ory at a higher mass scale would contain the necessary ingredients for olectroweak 
symmetry breaking. 

Tin- second strategy is to provide JI principle for the cancellation of the 
ipjadralir divergences: BiipersymiTietry.M In stipersymmetriclheories the quadratic 
divergences due to scalar boson loops, are precisely cancelled by fcrmion loop con
tributions. The remaining finite difference is proportional to the scale of supersym-
melry breaking e.g.* the mass differences of the scalar and fcrmion su purpart tiers. 
The absence of sralnrs degenerate willi the known Icplons and quarks tells us 
supcrsymmrtry cannoL be exact. Naturalness then implies an upper limit on the 
scale of supersyminctry breaking, since the naturalness problem return? jf mass 
dilTerenres or fermic-ii-boson super partners are too large. To avoid fine-tuning at 
less than (he few percent level, super part tiers cantiot be heavier than a few TeV. 

Supersymniotry and technicolor are discussed in the next section. U is how
ever important to recognize tltat nature may have found a way to solve the natu
ralness problem that lias not yet occurred to us. 

5- Mode l s 

In this section I will review three specific models of CSB, concentrating on 
how they illustrate the genera! feature? discussed in Sections 2 and 3. The models 
are 

• the Wrmbcrg-Salam model 

• the minimal supersymmetric extension of the standard model 

• technicolor 

5.1 T h e Weinberg-Snlnnj Higgs Sector 

The Wrinberg-Sslam model is a minimal model in that it has the smallrst 
number of fields needed to break llic gauge symmetry from SU(2)i, x {'(])*- to 
U(l)EAf. Four spin Zero quanta are introduced, in a complex doublet of SU{2)i.: 

U + iwj *=^r: : ri w 
The Lagrangian is 

CSB = | P P * | 8 - V(*) (5.2) 

where V is th* gauge covariftnt derivative, 

V„ = t% - igfL - U^ - ig'YX. (5-3) 

The scalar Belf-eoupfings arc just like the 0(3) model discussed in Section 2 (in 
Tact the Wemberg-Salain model in just the extension to 0(4)) ' 

V = >(•+• - —f 

= $[lP + &-v*)2. (5.1) 
4 

The global symmetry group of (5.4) is 

G = SU{2)t x SU(2)R (5.5) 

(or equivalently 0(4)). Defining T L and 7 R in terms of vector and axial-vector 
SU{2) generators, 

the infinitesimal SV{2)L x SU[2)R rotations act on the fields 15 follows: 

MJ/.t?) =(O,?wxi0) (5.7fl) 

M i ' . * ) = (<VtZ,-fc//>. (5.76) 

i.e., u if w were a pseudoKalu and / / a scalar. 

As reviewed in Section 2 for the 0(3) model, the minimum energy configura
tion chooses a field condensate which we define to be / / , 

<M)D = o. (5.W 



Taking If -* U + v the potential becomes 

V = 7 < i i 2 + &f + XuHill* + «i , ) + Jto 1 / / 1 (5.9) 
4 

so thai 

raj, = 2Xv2 (5.10) 
rn* = 0 . (5.11) 

Inspection of (5.9) reveals that Llic global symmetry lias broken spontaneously 
from 

G = SU(2)b x SU(2)H -r / / T h B G r o u p = S f / ( 2 ) L + f l 

= SU(2)y (5.12) 

(or cquivalently 0(4) -* 0(3)) . There arc then 6 - 3 = 3 Goldstone bosons, the 
u> triplet, which become the longitudinal gauge boson modes as in Section 2. The 
only remaining quantum in Csh a then the scalar H. 

Notice that the symmetry structure SU{2)L, X $U{2)R -* Sl/(2)un is iden
tical to the symmetry of QC1) with two missies* quarks, Eqs. (2.26) uid (2.2ft). 
In fact f ($) as given in (5.4) U identical to the stgma model" with the sub
stitutions / / -r a, w -* ift and v - t F„. The sigtna model was developed to 
model the low energy symmetries of hadron physics and played an important part 
tti the history of the 1960*s that Jed to the discovery and understanding of the 
Underlying quark structure of hadrons. It is amusing that the Weinberg-Sajam 
model could play a similar role in the effort to final £ S B - In the sigm*. model the 
surviving SU[2)L+H symmetry is just the ordinary isospin of hadron physio. In 
the Weinberg Satan, model it is the custodial SU{2) discussed tn Section 2 that 
protects the p parameter againat 0(A) corrections. 

Tiie | T * | a term in (5.2) contains a contribution 

i j i i i ? M • d"i3 (5.»3) 

which is equivalent to Eqs, (2.31-2.32) with / = v. That is, the gauge current 

contains a term ^gvd^io. We therefore see immediately from the discussion in 

Section 2 that the mixing of w with W results in a gauge boson mws 

SSw = ^gv. (5.14) 

A more familiar though less general derivation in by inspection of the term quadratic 

in W that is contained in \VW\\ i.e., 

|(f)*w.-fir ^ 
from which (5.14) may bu reail directly. 

Taking Xf-\lt* as the quantity characterizing pcrturhative corrections, we find 
from (5.10) that 

which shows that strong coupling sets in at roughly in// > 1 TeV. This estimate 

agrees with the general analysis of Section 3, as discussed following Eq. (3.12), 

where we identify m H with the cutoff A, an shown in Eqs, (3.14-3.15). 

The Iliggs boson decay width in loweut order is 

For mn £ t TeV the width is SO big that there is no discernible resonance peak. 
Since the theory is strongly coupled for such values of mu, the spectrum need 
not correspond in a aim pie way to the degrees of freedom in the Lagrangian. It 
is in fact widely believed (the buzz weird Li "triviality") that the theory is incon
sistent for mtf near or above 1 TeV. This conclusion was based first on a simple 
renoimalization group analysis1* and is supported by lattice computations.3 5 

A lower bound on m t f follows from requiring the SU[2)L >' U(l)r broken 
vacuum (with {fi)Q a v ^ D) to be the lowest energy configuration in the one 
loop effective potential. The result i s 3 7 

m«*MrA2M»+^k:i'*~4'"'] (518) 

assuming the top quark i» the only fennion as heavy as Miv, For mi <£ Aliy the 
bound is TTIH > 7 GeV but for m t > 80 GeV the bound disappears. New bounds 
are obtained for m, > 86 GeV from the requirement that Lite vacuum be stable 
against large iliggs field fluctuations, i.e., that the coefficient of II*\n H in the 
effective potential be positive.3* The value of the bound depends on the value of 



a cutoff representing new physics beyond the Weinl>crg-Salam mode). Consider 
for iiislaiiri: tin- possibility that mt > 120 GcV. Then the renormaliznlion group 
analysis of Lindner, Sher and Zaglaucr™ gives m;/ £ 50 GeV for A = 10' 5 GcV 
arid i»„ £ 30 CeV far A *± IO 3 GcV. 

FtTiw<iHs acquire mass from a Yukawa interaction with the Hifgs boson, 

^VnIcawa = W " ? / * / (5J9) 

where iff is the dimenstonlcss coupling constant. The fcrmion masses are then 

mj = yv no tlmt the couplings are 

» - ? - * « 5 2 0 ' 
Except for the lop quark the yj are extremely small, which makes lliggs boson 
production cross Kcctions extremely small as well. 

Tliis is DDL a satisfying description nince all the inyBtcrics or the quark and 
lepton spectrum arc hidden in the j / / which are simply introduced by band. In 
fart, fcrmion mass generation could prove much more difficult to understand than 
IV and Z mass generation. Fermion and gauge boson masses could be due to 
different condensates rather than the single condensate or the Wrinberg-Salam 
model. UniUrity allows very different scales. For a fermion of masa trij the 
counterpart of the l.?5 TeV bound, Eq. (3.11J, is 

A £ ^ (5.21) 

where ( = ] (or leplons and 3 f o t quarks. The right-band side of (5.21) is much 
larger [linn (he TcV scale, ranging from 5 1 0 s TeV for the electron to - 10 TeV 
for a 100 GcV top quark. 

5.2 Supersymmctry 

The only known solution to the naturalness problem (Section 4) that al
lows elementary Higgs bosons is supersymmetry — that is the principal reason 
to believe superoymmetric partners of the known particles might be found at or 
below the TeV scale. In order to give mass to quarks and leptons of weak isospin 
i'at = ± | the constraints of supersymmetry require a minimum of two complex 
doublet Higgs fields. In this section I will review the Higgs sector of the mini
mal supersymmctric extension of the standard model,1* which his precisely two 

complex lliggs doublets. 

The scalar potential V ( * i , * j ) has its minimum at 

{ / ! . ) » v . . (5.23) 

The W mass is 

Mw = j J i ^ F M i (5.21) 

so that 
v\ + v* = v2 = [y/2GF)-1. (5.25) 

Wc choose lij to couple to T 3 t = +\ and Hi to T3L » —5 fcHnioiti. 

The two complex doublets contain eight degrees of freedom, of which three 
become the longitudinal IV* and Z modes. The remaining five particles include 
three "pseudoscalara", / / * and P*t which are orthogonal to thr "eaten** c m -
lunations of tvi and wi, and the two Ili&gs scalar* //t and Hi- In general the 
etgenstates are mixtures with mixing angle o , 

/H\f«ma * . \ / f t \ 
\«'J \ - s inc . ma) \llj 

In the Weinberg-Salam model, A59 = X is a free parameter so that the Higgs 

boson mass, mjf = 2Au", is also unconstrained. In the minimal supcrsyrmnetric 

model, the strength of the Higgs interactions is constrained (because the scalar 

potential v i ses from * "D-lerm") to be 

A = J , + J " (5.27) 

where § and 4 are the S(/(2)i and U{\)y gauge coupling constants. This means 
that the model is a weakly coupled CSB in the sense of Section 3. It also means 
that Higgs boson masses are not completely arbitrary, but satisfy sum rules which 
in lowest order are 

m'„t =ml + Mi, (5.28) 

"•i.1,. = / { < r a J + **•)* <5- M ) 

± | v ' ( m P + mi) ~ *™pMl « " i W 
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where 0 is (loliuud by the ratio of the vevs1 

t « i ^ = i»3/if,. (5.30) 

We then sec* that 

m w i > Mw (5.31) 

rn H < Mz (5.32) 

m f f . > Ak. (5.33) 

Equations (5.27-5,29) arc not generally true for nonminimal supersymmetric 
models. In particular, models containing SV[2)i singlet Higgs fields can have 
arbitrary couplings X, Because they mix with the doublet iliggs fields, all Higgs 
boson masses arc then iu general arbitrary. 

The one loop correction!! to the minimal model sum rules have been computed, 
both fur the charged30 (5.23) and neutral31 (5.29) bosons. The correction* ate 
typically small though they can be large fur certain choices of the parameters. 

The search for the lighter lliggs scalar H in similar to the search for the 
Wcuibcrg-Salaiu Higga boson below Mz, as discussed by Michael Levi at this 
school. 3 1 Scardiia for the Wcinberg-Sslam Higgs boson can be used to exclude re
gions of the supersymmetric model's parameter space, which cau be characterised 
by the angles atft or, cquivalentty, by the masses of the scaJars tn^^H'-

The heavy scalar / / ' has highly suppressed couplings to W\V + ZZ and is 
therefore probably undetectable at the SSC. However at the SSC we will be able 
to search directly for the super par tides, especially the squarVs and gluinos which 
should be observable for muses as large as 1 TeV and perhaps even beyond." 

Charged Higgs bosons are of course pair-produced in c*e~ annihilation! for 
4 m]>. Since m/> la an arbitrary parameter, we cannot say what 

energy might be necessary. 

5.3 Technicolor 

Technicolor ia the other known solution to Llje "technical" naturalness prob
lem. In the context of a grand unified theory the logarithmic variation of the 
tcchnicolur coupling constant might also explain 3 1 the "fundamental1' naturalness 

problem, i.e., the origin of the electrowc-ak; OUT or Planck hierarchy. Technicolor 
is a good example of a strongly interacting CSB as defined in Section 3. 

The basic idea is thai t|ie Goldstone bosons w and z of CSB are bound 
states of an asymptotically free gauge theory with a confined spectrum at the TeV 
scale. The aim pics I example is an unbroken SU(NTC) gstige (boozy which would 
resemble closely the familiar dynamics cf QCD. For Np masslcss tcclimquark 
flavors the global symmetry group is 

G = SU(NF)L x SV(NF)H. (5.34) 

As in QCD we expect the ground state to have a condensate 

(jL?L& + ?irfLj * ° (5-35) 

which breaks G down to the diagonal, vcctor-ftlw subgroup 

R=SU{Nf}i+H. (5.30) 

For Ny > 2, //indudeaa custodial 5 ( / { 2 ) L + A symmetry so that p = 1 is protected 
against large corrections from strong technicolor interactions. Since there 4ft: N^~ 
1 broken SU(Nf)i^n generators, there are SF— 1 Goldstone bosons, IT*, * , {£ , ) . 
The & exist if JV> > 2; they acquire masses from the SU^a^r X SU{2)t x U( 1 ) Y 

gauge interactions and are referred to at pseudo-Goldsione bosons. Choosing the 
"technicolor pion ~ta,x decay constant" 

FJC=U~1TCV (5.37) 
4 

referred to aa / in Eqs, (2.29-2.3S), we obtain the correct value of the XV mass 
as shown in the general discussion of Section 2. 

For Njc = 3 the theory is precisely a reseated version of QCD and we ran 
reliably piedict (up to small corrections due to the small masses of the QCD u 
and si quacks) the mass and width of the techni-rho vector meson: 

m * r = TT»n* = 2.M TeV (5.38) 

r „ . = -^-r, = 0.40 TeV. (5.39) 



More generally [and IPM reliably) in the limit nf Urge JVrc snd large U ( i.e., Ihe 
Inrge AT limit assumed to ho valid for QCD). we have 

•V t= J_.0.«T«K (5.41) 
/'re 

The tvdmi-rha lias A spectacular though small background free signal at the SSC, 
as dhcussed in the next section. 

Teclmirolnr has poLenlial experiniental problems, from possibly light pwudo-
Goldslonc bosons and from flavor-changing neutral currents. However it is far 
from de-ail.3* Possible solutions arc being actively studied, including composite 
rondeli'* and models with slowly running coupling constants and elevated mass 
scales. 1 7 Tilt potential experimental prolilcns and tire theoretical rcpulsivcnc&s of 
spcrilic models both result from the effort to explain quark and Icpton masses. If 
fermion masses arise by some other still unknown mechanism, technicolor (with 
two flavors) is an elegant mechanism for SU(2)L x U{l)r breaking, with no ex
perimental evidence presently against it. 
G. Overview of Strong WW Scattering 

In Section 3 we reviewed the low energy theorems for WLW(, scattering and 
showed that together with unitarity they require the dynamics of CSB to alfect 
the scattering at an energy scale Ass & 1.75 TcV. The most probable mechanism 
is the exchange of particles from CSB, so that Asp 3 MSB, *a ibown in two 
examples in Section 3. In general just above the cutoff acale the J = 0 partial 
wave amplitude for scattering of the longitudinal modes W£W£ -* ZiXt, it 

MWtw; - zaii * j ^ j (6.1) 

so that the scattering is strong if ASH > 1 TcV and weak if Aj» < 1 TcV. 

In fact there arc three independent reaction channels, which can be chosen u 
i | j = °oi, an, «M where 1 is the index of the custodial S(/(2) discussed in Section 
3. In addition to (6.1) the complete list of 2 -» 2 reactions is 

W£W£ -W£W£ (6.2) 

W£zL - l v * Z t (6.3) 

I 

W,.W£ - W£W£. {CI!,) 

All these channels will exhibit strong scattering for i/s > 1 TeV if A.*B > 1 TeV. 
and wmc will probably have s ctiannol resonances with masse* Msp of order A J B . 

Therefore hy nwMtrring the IKtlf/, scattering amplitudes at high energy* 
n/a > 1 TeV. wc will learn whether Csa is a strongly or weakly inter ad ing theory 
and whether the nt.u.i scale of it* quanta is at the TeV scale or below. We will 
probably also beg;ri to obseivc the quanta directly as resonance effects jri sonic 
of the 2 - • 2 channels. A general strategy Li accomplish this is based on the 
11/tlVt fusion reaction. Fig. 6.1, thai can be studied at a pp or r 4 e~ collider. The 
in'iti>i ?>late iVt's arc off-mass-shell and must rese alter to appear on shell in the 
final state. The contribution from rescanning by Csn is 0[g7Xsn) where g is 
the SU{2)L gauge coupling constant and \xa the grnrric intrratlinn strmgth of 
C&. The dominant background from ft -* It'll' is Otf). Therefore WW fusion 
contributes an observable iiicicineiit if and only if the reseat lerijig is strong, i.e., 
if and only if A s p / U = 0(1) or cquivalcnlly hsn £ 1 TeV. 

Other backgrounds are M{s9 -* W+W'.ZZ) ~ o s j* via heavy quark 
loops 3 9 (e.g., top), WW bremsstrahlung with gtuon exchange between the quarks;" 
*<* o§j* t and WW fusion by £<qM3J"tr(i) which » «- g*. These backgrounds are 
illustrated in Fig, 6.2. Though the backgrounds (except gg fusion) are dominated 
by transverse poJaKialiotis, polar.1*1 ion is not sufficient to separate them from the 
longitudinally polarized signal, though it can provide corroboration of a possible 
signal as discussed below. 

The SSC is a minimal pp collider for (his strategy. A collider of half the 
energy or less is not adequate, even with realistically likely higher luminosity. 
Because both the signal and the signal : background decrease at lower energy 4 0 

and because the most important final states are inaccessible at high luminosity,11 

an upgrade in £ of two to three orders of magnitude would be needed to offset 
a factor three torn In energy.** An e+e~ collider of <J» =f 2 - 3 TeV is probably 
minima] for the strong H'lV scattering signal/ 3 though more study is needed. See 
Fig. 6.3 for 1 TeV Ifiggs boson production cross sections at e*e~ and pp colliders 
of various energies.'"* 
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Figure 5.2: Background, to M - . i r i f signal from (a) qq — WW, (b) 

95 -» WW via (JO loops, (c) glum exchange, and (d) higher order 

(Hg*) •Jectrowesl interactions including WW fusion as shown. 
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Figure 6 .3 : l i iggs boson product ion cross sec t ions in picobarns a t e * e 

a n d p/> colliders w i th c e n t e r of m a n energ ies indicated (from Ret. 4 2 a ) . 

In th i s sec t ion 1 consider three examples o f s ignals for strong s y m m e t r y break

ing: 

1. The 1 TeV Weinberg Satam liiggs boson 

2. Strong W+W* and WW scattering 

3. Teehni-rbo production 

I will consider purely leptonic final slates, since they are experimentally cleanest. 

Larger yields will be possible if detection of WW -ttu + ft proves feasible.11"*5 

The signals for examples 1) and 2) are excesses of events with no discernible 
structure. To detect this excess reliably wc must understand the liackgiound to 
±3054, a goal consistent with the level at which we can expect to understand 
the nucleoli structure functions and pcrturbatiYc (JCD.* Realization of this goal 
requires an extensive program of "calibration'' studies at the SSC, to measure a 
variety of jet, 1- îton, and gauge boson final states in order to tune the structure 
functions and confirm our understanding of the backgrounds.4' 
« . l T h e I TeV Wrinberg-Salam Higga Boson 

In the Wcinberg-Salam model the generic Fig. C.l is replaced l>y .«tliannel 
Higgs boson exchange. Fig. 6.1. I consider the leptonic final state, 

/ / — ZZ — e < e - / r » V + e ' c V / . V / F l ' C- 5 ) 

for whicli the brandling ratio is 1.1%, of which 6/7 of the events have one Z 
decay (o Vv?M I require any obscrvrd Z'r to be central, \yz\ < 1.5, and in 
addition require cither miz > 0.9 TeV or {mzz)T > 0.9 TcV, where ( m z z ) T is 
the transverse mass, 2-^niJ + r ' , computed from the pr of Hie observed 7, when 
the second Z decays to to. The cuts arc needed in order to see the signal above 
ft - • ZZ background. For this signal they are essentially equivalent to alternative 
cuts thai have been suggested.'1* 

An idea of the dependence of the signal an collider energy can l>e gotten from 
Fig. 6.5, wMeh shows the signal alone. Figure G.fi. stowing the signal over tile 
background, illustrates the need far the cut on mzz » r eqiiivalenlly on pr(Z). 

Here and elsewhere 1 quote yields in events per !0*r*-\ the integrated himi 

nosily accumulated with ID^cm-'see- 1 for 10' sec. For m. = 50 O V the signal 
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Figure 6A: Ilijgi bourn production >i» WW fusion *nd decay to IVIf. 
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Figure 6.6: Yields defined as in Fig. 6.5 for a iO TcV pp collider. The 
short dashed line ia the J j - t ZZ background while the long dashed 
line is the sum of the background and the H -* ZZ signal. The solid 
line represents the sunt of signal plus background for an extrapolation 
of the low energy theorem as discussed in Section 6.2 (from ftef. 3) 

Figure 6.7: Extrapolated low energy theorem for strong I f + l f " scat-
lering, Eq. (6.9). 
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is 34 events over a background (from qq And gg --* ZZ) of JG events (i.e., 50 
events tot;d), The situation improves with a heavier top quark due to the addi
tional production channel po - • W via a ft loop. 1 0 For m, s 200 GcV the signal 
is 100 events over a background of 22 events, The 0 ( a , g 3 ) gluon exchange and 
0(9*) 44 - 1 q<\'£7> backgrounds have not yet been calculated, but will not be very 
important after the uizz ur {*'IZZ)T eut is applied. 

Except for yy —* Z/f, the backgrounds arc predominantly transversely po
larized Z's while the signal is purely longitudinal, resulting in different angular 
distributions for the decays Z —* 7 / where / in n Icpton or quark. Define 0" 
as the angle in the Z center of mass system between the fcrmion momentum p/ 
and the boost axis to the laboratory frame. Then the angular distributions for 
longitudinal and transverse polarizations are 

/Y(coa0 a) = ?ain"iV (6.6} 

/V<«»0*) - ^ ( l + r o s 1 * ) ' ) . ( G - 7 ) 
8 

A strong cut against /V throws out most of the 71 baby with the bath, and cannot 
be afforded given the small number of events. On the other hand, there are enough 
events to check that the signal is longitudinal as expected. For instance, a cut at 
|costf*| < 1/3 reduces Nlt by About 1/2 while reducing JVj by about 1/4 (see e,g. 
Kef. 51). ' * 

6.2 Strong W* IV* & IV'IV- Scattering 

The like-charge W'LWL channel is controlled by the ^aii0^ti\ = 2 low energy 
theorem,3 

a» = -2ih <"> 
where 1 have put p = 1. This is analogous to the exotic f = 2 channel in QCD, 
in which no resonance structure is observed. A simple model3 for (he continuum 
scattering in this channel is obtained by extrapolating the low energy theorem 
(6.8) lothciinitarity limit at V32JTP* *£ 2.5 TeV, 

K J | - j j ^ b ^ 3 2 ™ * - •») + 1' fl(J - 32 pit,3) (6.9) 

as shown in Fig. 6.7. We then use the effective W approximation" to compute 
the yield from IVIV fusion. 

The model (GO) can be thought of as a kind uf "insurance policy11 against the 
possibility thai the ma» scale MSB U much larger than the uniiarity limit Am. 
As discussed in Section 3 this is physically implausible though not rigorously 
impossible. (Ultricolor*3 with a Higgs boson above I TeV might provide an 
example.) To sec how litis works, compare the analogous TT scattering models 
with experimental data. For the three channels, ( / . J ) = (0,0},(1, l ) ( (2 ,0 ) r the 
models analogous to (6.9) are labeled by the curves a in Fig. G.ti, compared there
with experimental data.*3* The model for |«OG| described the trend of the data well. 
For |un| it underestimates the data because it fails to account fur the p rnescm 
peak. For \a0J\ the model overestimates the data (note that since this is an exotic 
channel, Jm dCi - 0 and [ami =? |/Ce an\ to a good approximation), because it 
fails to include the effects of p exchange in the i and u channels. The mode) (6.9) 
i& then a kind of worst case scenario: it should work best in the unlikely event that 
the Tesonancn ire nioth heaviet than ibe unilaiHy bound lor ASA- For instance, 
if the p were heavier, say > I GeV, t|.en curve (a) in Fig:. 6.8 would gave a better 
fit (to larger 3) than it now docs. On the other hand, if the resonances are where 
we naively expect, Mss — Asa, then at least some channels will be dramatically 
enhanced relative to the model. We consider a resonant (technicolor) example 
below. First we consider strong IVIV scattering with no structure as in Fig. 6.7. 

The signal is defined by two isolated like-charge leptons, 

IV+IV+ — t+vffi+v + e+vftt+v. (6.10) 

(Assuming mt > A/n-» the branching ratio is (2/9) a . ) Cuts imposed are \yt\ < 2 
and prt > 50 GeV where t = e,u. In addition a "LheorislV cut of M%Y\Y > S00 
GeV is imposed to reduce bacLgruund from qq —* qqWW by gluon exchange, 
0(0,0^), and by higher order eleeLroweak interactions, 0{g€). This is a "theo
rist1*" cut since the two v's prevent it from being implemented experimentally. It 
can eventually be replaced by a set of cuts an observablcs, such as the diteptofi 
mass and the transverse mass formed from the dilepton momenta. 

The corresponding signal" foranSSC year (10T s ec ) is 53 events, from both 
W+W* and JV""IV~. The background is "- 34 events, of which 1/3 is from gluon 
exchange"-** and 2/3 is from 0(?*) processes." If instead of (6.9) we used a scaled 
version of the / =s 2 *T data shown in Fig. 6.S, the signal would be decreased by 
about a fact T of 2. 
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Figure 6.8: Data for JTJT partial wave amplitudes compared with ex
trapolated tow energy theorems (e.g., Eq. (6.9)) for the three channel* 
/ , J = (0,0), ( M ) , (2.0). The curves labeled a correspond to the naive 
extrapolation as rn Eq. ($.9) and Fig. 6.6. The figures are from Ref. 
53b. 
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fl.3 Teclini-rho meson 

As an example of rescinitncc production I will consider production of the 

tochni-rhn meson expected in .^1/(4) technicolor From Exjs. (5.40-5.41) we have 

m„ r *\,&TeV (G.ll) 

T,T a 0.3 TeV. (6.12) 

There arc two import an I production mechanisms: W^Wt, —r f*r (Ref. (3)) and 
qq—*PT K'f- (57)), ! connirirr the easily observed purely leptomc final stale 

with branching ratio 0.014 (for m, > Mw)- With a central rapidity cut, \yn\z\ < 

1.5, and a diboson mass cut M\\z > J-6 TeV, I find a signal of 13 events and a 

background or 1.7 events. If W -» rv events can also be recovered, signal arid 

background both increase by ~ 1 £ ^ 20 events over a background of 2.!i. 

7. Conclusion 

The Higgs mechanism implies the existence of Iliggs bosons below 1 TcV or 
strongly interacting particles above 1 TcV, though probably not much heavier 
than -* 1 TeV. With the ability to ob**T*e strong WW scattering in the 1-2 TeV 
region, we can decide for certain if the symmetry breaking sector is strong or not. 
Unlike the usual situation where a negative result leaves open the possibility that 
we must search at higher energy, (he observed absence of strong WW scattering 
would imply that symmetry breaking is due to Htggs bosons below 1 TcV. The 
SSC is a minimal pp collider with this "no-lose" capability. A minimal e*>~ 
collider probably would need J* S 3 - 5 TeV and C > MFanT1 nec-\ 

Presently approved world facilities would leave open an "intermediate mass" 
window for a lliggs boson of mass 70-80 GeV < mii < 120-MO GeV. The gap 
could be closed by an e*e" collider with ^3^,300 C e V a n d £ £ lO^Vm-'sw" 1. 
Motivation for closing this window would be strengthened by t'nc discovery of 
super symmetry or by evidence that strong WW mattering does not occur. 

It should be clear from the small yields quoted in Section 6 and from the 
not much bigger yields reviewed by Michael Levi 3 2 for lighter Iliggs bosons, that 
discovery of the symmetry breaking sector will not be the end but the beginning of 
a long process of detailed studies. The handful of events that provide the initial 

file:///yn/z/


discovery will be completely inadequate u wc begin our study of & fifth force 

uf nature and an associated new world of particles. The experimental facilities 

needed for those studies will be awesome and u e difficult for us even to imagine 

today. 
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ELECTRON-POSITRON STORAGE RINOS AS HEAVY QUARK FACTORIES " 

R. H. Sicmann 
Newman Laboratory of Nuclear Studies 
Cornell University. Ithaca. N. Y. 14R53 

ABSTRACT: The physics of intensity limitations and the beam-beam interaction in 
low energy e +e" storage rings is presented at an introductory level. The progress in 
these subjects that are keys to llie feasibility or heavy quark factories is discussed. 

1. INTRODUCTION 

1.1 Luminosity and Luminosity Requirements 
There is tremendous interest in high luminosity e + e" storage rings Tor heavy 

quark and 1 physics. These storage rings have come to be referred la as "i-Charm 
Factories" and "D-Factories*. names that reflect the (hoped for) prolific production 
of these particles. The luminosity, L, must be in the range of Itr - IO3 cm"V to 
earn the name. This range is determined by the particle physics that would be 
studied with these colliders and the performance or other facilities that could be 
used for this physics. 

The general goals of a T-Charm Factory are the testing or the Standard Model 
and the search for new physics through precise measurements and rare decays of the 
T leplon and charmed panicles. Examples of the capabilities of a T-Charm Factory 
w i t h L = J 0 3 3 c m - 2 s - | a r e ! : 

1) With center-of-mass energy W . 3.67 GeV, which Is below the >f'. there would 
be 4 n l 0 7 1 pairs produced per year. This would allow measurements of the T mass 
to better than ± 1 MeV and place an upper limit on the v x mass of 3 Me V. 
2) By running on the if" Ihe number of tagged D-mesons per year would be 6x10* 
D*D". U 1 0 7 D°D°. and 8 x 1 0 s D , 4 * ^ ' - Such a large, clean sample would allow 
more sensitive searches for D^ mixing and measurements of weak decay constants 
in leptonk; and semileptonic decays. 

A luminosity of l f P ' c m ' V ' is substantially larger than that of other colliders 
at the same energy. TheBETCslorageringhasadesignluminasi(yori0 3 >crrf s~ 
at W - 4 CcV.and the best luminosity obtained at SPEAR is Jxlt^cni" 2 ! ' at W = 

* Supported in pan by the National Science Foundation. 
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3.77 GcV. Tlic capability of colliders at other energies is being debated actively. A 
B Factory would produce comparable numbers of t and C events, but experiments at 
a T-Charm Factory would have smaller systematic errors because they could be 
performed near thresholds and small changes in energy can be used to study the 
contamination of data samples. 

The luminosity of a B Factory should be well above 1 0 ^ \ m ' ^ s * l . First, 
observing CP violation tn B-mcson decay would be a major objective of a D-
Factoiy. The luminosity required to observe a three standard) deviation effect in one 
year of running has been estimated to be between 5K I 0 3 2 and 3x l 0 3 * c m ' V ' . The 
range arises from uncertainty in weak, decay parameters and different experiments al 
symmetric (equal beam energies) and asymmetric (unequal beam energies) 
colliders. 

Second, CHSR has reached l O " c m " V . and there arc plans 10 raise the 
luminosity to possibly 5xl0^crn"^s _ I r The B cross section at the Z is a factor of 
five larger than at the T(4S) where CESR operates, and the LEPI design luminosity 
isrougfily 1.5x10* cm s"\ Muliihtinch improvements based on tbeLEPilRF 
system and separated orbits could raise it to several limes 1 0 - ^ C I H ' V . ^ This 
would make LEP equivalent to a lti 3 3cm" 25~* B-Faciory in this one regard. Of 
course, B physics will be only a part of a diverse physics program ai LEP. 

There are two views of luminosity. For the experimenter the luminosity is the 
proportionality constant between the event rate and cross section 

Rate (sec"1) = L xo(cm 2 ) (I) 

while for the accelerator physicist the luminosity depends on properties of the beam 

I * 2 f c 

In this equation N is the number of panicles per bunch which is assumed equal for 
the two beams. fc is the collision frequency, and O^ and a„ are the rms horizontal 
and vertical sizes of the beams. The factor 4*e / h o v is the effective area of the beam. 

It is easy to sec how to make the luminosity large in die absence of constraints, 
but there are constraints from space, cost, beam dynamics, technology, etc. These 

constraints are interconnected in a complex way as illustrated in Figure 1 which is a 
take off oF a similar diagram drawn for linear colliders by Bob Palmer. 

The highest luminosity ever achieved in an e + e" collider is lO^cnT^s"' at 
CBSR which is one to two orders of magnitude below the in teres ling luminosities 
for factories. This raises the question that is a recurring theme of this paper: 
Is the accelerator physics sufficiently well understood that two orders or 
magnitude in luminosity is conceivable? 
In my opinion the answer is YES! That doesn't mean that all of the necessary 
research has been done at this time; rather, the basic accelerator physics is 
understood, and we must expand, develop, and apply that knowledge to the design 
of heavy quark factories. 

After some further introductory material, the rest of this paper will concentrate 
on two beam dynamics issues that are (he keys to designing heavy quark factories: i) 
beam current dependent effects, and ii) the beam-beam interaction. 

1.2 A Typical CoIIidct 
Although parameters vary among designs, (here are general features that all 

heavy quark factories have in common. It is useful to show a typical collider to put 
ihe discussion thai follows in context. The T-Charm Factory of John Jowett has 
been selected for this purpose. It is illustrated in Figure 2, and parameters are 
given in Table 1. 

There must be a large number of bunches to satisfy the constraints from beam 
current and beam-beam effects. Extraneous collisions, collisions anywhere but at 
the interaction point (IP), must be avoided to get the maximum luminosity, and, 
therefore, the beams arc separated at cither side of the IP and transported in separate 
rings. Jowetthaschosen electrostatic separators, but RF separators and crossing at 
an angle are possibilities also. Separation methods are one of the open issues in 
designing heavy quark factories, and beam current and beam-beam effects influence 
the choice strongly. It is possible to have separated beams in a single ring. This is 
done it CE5R and the SPS and is being proposed for the Tevatron. It has proved to 
be an excellent way to upgrade an existing collider. However, having separated 
beams in a single ring does affect performance, and it's not conservative to 
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Figure I; Tiic rats nest of interdepcndcncics ihal makes designing heavy quark 
factories a challenge. 
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Table 1: Parameters »nd Performance of a t -Chwra Factory 0 

Collision fitttucncy 
Number of bunchei 
Aveiajc radius 
{Huncitofli 

Betatron tunes 

RMS bunch tagih 

•jm^-SJGeV 
r,* 19.1 Mill 
B*24 
R=60n, 
P,-I<5n 
(S|,-0.8 m 

Q » - S J 

Bean-beam tunc spread rj v - rj|, - OjH 
Dwnpiag decrement A - I . U l O * * 
Sjm*.i»d.r«mer P V - < U 4 M W 

Luminosity 
Taulcuncnl 
Mticlevteuca 
Uewunf radius 
Eniuanctl 

Synchnwon tune 
Mofnciuum compaction 
RMS cna& spread 
Energy loaTluni 
RFfrcqucacy 
RFvohaje 

L - I A i l I l ' W i - ' 
I..0J1A 
N-tjailll" 
p .12m 
t„-1.0tW*m 

n-*m 
u-3.flsl0-*n 

.0.2SII0-' E J i " 
Q -0.106 
a-0.0189 
CK-5.8x10-* 
U0«028JMeV 
fr f.1.5GHx 
V.t-IOMV 

incorporate it in the design of J new, high luminosity collider where many aspects of 
technology and accelerator physics will be stretched to new limits. 

All heavy quark factories have "minl-P" optics which means that there is light 
focusing at the interaction point. This reduces the effective area in the 
denominator of eq. (2) without producing unwanted beam-beam effects. The 1-
Charm Factory, in common with most designs, has a flat collision geometry, i.e. R^ 
= Ov/rJn « >; the rms sizes are shown in Figure 3. The rapid increase of vertical 
site away from Ihc collision point is a consequence of the light focusing of mini-p" 
optics. The analog in geometrical light optics is a short focal length lens which can 
produce a sttutLI image hut introduces a large angular divergence. 

Continuing the analogy, the image size and angular divergence arc determined 
by the focal length of the lens, the size of the object, and the angular divergence of 
light from the object. The product of the size and angular divergence is the "phase 
space" size of the object, and from Uouvilie's Theorem it is conserved.8 The phase 
space size of a particle beam is called its cmittance, e. At a distance s from the IP 
(before any quadruples) the rms sizes are given by 

[£j(Pj + s^PjjJ (J = h,v) (3 ) 

The variables Pj are the "betatron amplitude" functions at the nominal collision 
point. They are determined by the storage ring magnet configuration, the "lattice", 
and are independent of the beam croinances. 



A short bunch length is a general feature of heavy quark factories that follows 
from mini-p oplics. One reason can be seen in Figure 3 where the charge density *or 
a single bunch is plotted along with a„. The effective collision area increases and 
the luminosity is reduced ;f C|_ > p v . In rjtlition to this geometric cffeei there lire 
dynamical reasons associated with non-linear resonances that require o L < fi ¥. See 
section 4.2. 

2. SINGLE PARTICLE MOTION 

There is an extensive literature about single particle motion in storage rings and 
synchrotrons. I have no intention of reproducing that well-k>._wn material here; 
instead, 1 would like to establish a few points thai will be used in the discussions oT 
intensity dependent and beam-beam effects. 

Figure 4 is a sketch showing lhe ba/tc components of a storage ring which *re: 
i) dipole magnets that bend panicles, ii) quidmpole magnets thai focus particles, 
and iii) an RF cavity <nat makes up the energy lost lo synchrotron rafMat'on and, 
together with the magnets, determines the energy spread and bunch length. There is 
a mythical ideal particle (denoted as IDEAL) that travels on-axis and is at the 
nomin ' r-nergy. Rea' particles deviate from the IDEAL, and the magnets and RF 
systc ^vide restoring forces that make ihese panicles oscillate about the IDEAL, 

2.1 Betatron oscillations 

The restoring forces in the horizontal and vertical dimensions come from the 
quadruples. A qtiadnipole that focuses in the horizontal dimension is defocusing in 
•he vertical, and, therefore, particles see an :<rray of alternating focusing and 
aetocusing quadrupoles. The principle of "strong ^ 'using" gives the conditions for 
stable oscillations in both transverse dimensions.1" 

The resulting oscillations are called "betatron oscillations", and the general 
form of the solution is 

z ( s ) /AP(7) cosr+(s)J t*) 

CAVITY 

IDEAL 
PARTICLE 

Figure 4: A sketch of a storage ring. 
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when. A is u constum ana s is ihc path length measured along the orbit of the 
IDEAL. Jhe oscillation phase is 

+<s) = * 0 + J l / P ( s ' J d s ' ( 5 ) 

where fyj is a constant or inlcgrationr The 0 function is a periodic function with 
period 2xR that depends on the magnet lattice only, It determines: 
I) The local amplitude ofnscillaiion. Trie con$tant-of-thc-rnoiion A incq. (4) is 
often called the amplitude of Hie oscillation. 1 lowcvcr, it is not the amplitude in the 
sense used for simple harmonic motion; (Ap(s)) *** is closed to (hat amplitude. The 
typical value of A is ihe eminence, and when that typical value is combined with the 
variation of (i near a minimum, oj. (3) results. 
1) The rale of phase advance. Ttic betatron lune.Qn. is ihe number of betatron 
oscillations jitr revolution; it is related to the ph-je advance in one turn by 

These basic ideas about bciatfo- , motion are used through the rest of this paper, 

2,2 Synchrotron Oscillation;; 
Two effects combine to give synchrotron oscillations (called energy 

oscillations and longitudinal oscillations also): 
1) the bending radius in a dipolc is proportional to tflfi&L, flnd for a panicle with 
energy above ihai of the IDEAL the bending radius, the circumference, and the 
orbital period arc larger, ami 
2) the energy gain from the RF cavity depends on the arrival time. 

Lei o and I denote Ihe fractional c.~ >gy and arrival lime deviation* from the 
IDEAL, rcspcLlively. The orbital period, T, depends on fi as 

T = l £ £ ( l + a5) ( 7 ) 

where a is the momentum compaction which is 4 property of the lattice. From eq. 
(7) the change in i per revolution is 

The RF voltage is shown in Figure 5. It undcTgots an integral number o( 
oscillations each time the IDEAL completes one revolution. The IDEAL arrives at 
fte RF cavity at a phase stable point where the RF nukes-up the energy loss due to 
synchrotron radiation. Particles with an arrival time different from the IDEAL have 
a fractional energy gain 

66' i 2 l ' i V ' u ° l ° i ? " v 1 " 1 2 1 ' . ^ 1 ^ 1 <(,) 

where Vp tsin(\f s ) = U[/c gives die phase stable point With Ihc approximation i « 
lff r f eg, (9) becomes 

d6 - Age " W , f « " H 
3T H I T Rym: T - < J n > 

Combining eiij, (8) an) (10) fives ihe equation or motion of n simple harmonic 
oscilluor with i tune Q s jiven by 

_2 a e V o k ' r f R e o l * i 

Tfrrt 
provided c o s y t < 0 . Typical values of the synchrotron tunc. Q s , arc in the range 
001 to 0.10. 

A panicle undergoing synchrotron oscillations is continually exchanging time 
And energy deviations as shown in Figure 6. When the particle arrives at the same 
lime as the IDEAL it his an energy deviation, and when it has the energy uf the 
IDEAL ii arrives early or late. When there are no instabilities the mis energy 
spread, 0 $ r is determined by synchrotron radiation and is a basic property of the 
lattice. The bunch length and energy spread arc related because of synchroif-ui 
oscillations; ihe relation is 

A short bunch length lends to require a high synchrotron tune and through ct\. (11) a 
highVpfcind/orf^ 
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Ftoinls 

Figure 5: The RP voltage. The cnerjy gain from ihe RF equals Ihc average loss due 
10 synchrotron radiation (U 0 ) at Ihc phase stable points. The intersections where the 
slope of the RF is positive are points of unstable equilibrium. 

Figure 6: The longitudinal phase space path of a panicle undergoing synchrotron 
oscillations. 

3. INTENSITY DEPENDENT EFFECTS 

3.1 Wakeficlds 
A beam passing a change in vacuum chamber profile radiates electromagnetic 

fields that propagate down the beam pipe In waveguide modes and. if a structure is 
involved, eaciie normal modes. This is illustrated graphically in Figure 7 . " Al t = 
0 uV beam is entering the cavity, and Ihe electric Field is predominantly ihc space 
charge Field of Ihe beam. As lime passes fields penetrate into the cavity, and cavity 
modes are eicitcd. When the heam. leaves at t = 2.0 nscc, it has lost energy to 
electromagnetic fields in the cavity. These beam induced fields are called 
wikefields. 

The "wale potential" is Ihe beam induced voliage seen by a panicle located at 
position t in the bunch (see the inset in Figure 8) 

V ( l ) = JdzJdt *E r < z. l ' ) S ( t ' - ( i « z / c ) ) . (13) 

The direction of propagation is der. jled by i in this equation, and it has been 
assumed that the structure producing ihe waleField has rotational symmetry and thai 
Ihe beam and panicle are traveling on die symmetry axis." The quantity F.z is the 
longitudinal component of the beam induced electric rich). It is proportional to N. 
the number of particles in the bunch, and depends on the rms bunch length and the 
structure geometry. 

A wake potential for • CESR RF cavity is plotted in Figure R. Several 
consequences of beam induced fields can be seen in this figure. First. Ihe beam 
loses energy as is expected from a comparison of the electromagnetic field energies 
i l t - 0 i n d l = 2nsecinFigure7. The energy loss is 

Energy change = J d t l ( t ) V ( t ) < 0 < 14) 

where Id) is the bunch current. The wale poteMial and Id) are each proportional to 
N, so the energy loss is proportional to br. The power lost due to beam induced 
Fields is called Higher Order hjode power, it is given by 

Phom= K V ^ V k<«L"? / fc < < 5 > 
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Figure 8: TV - .otenual for a 6 mm long, 1 C bunch Inivcling Ihrouch a CESR 
cavny shown .*. iwo different (jme scales. The insel defines ihe lime I as Ihe 
elapsed lime between ihe passage of Ihe (atbilrarily chosen) origin and ihe panicle 



The quantity k ( o L ) is the loss factor of the structure, and the bunch length 
dependence is shown explicitly. HOM losses are discussed further in section 3.2. 

Instabilities are a second consequence of wakefards. Figure ga shows i Tiat V(t) 
varies along the bunch; the wake potential is different al the head and tail. This 
introduces additional T dependencies into eos. (9) and (10); these can lead to the 
single bunch instabilities that are discussed in section 3.3. Figure Sb shows that the 
wake potential can be positive at longer limes, and a panicle passing through the 
cavity at those times will gain energy. Therefore, ii is possible to transfer energy 
between bunches. This leads to coupled bunch instabilities tha! are discussed in 
section 3.4. 

'• ' •' Longitudinal Impedance: Beam stability results are often presented in terms 
of the longitudinal impedance. Z L . The reason is Hit! stability calculations are done 
with the standard techniques of Green's functions and Fourier transforms. The 
Green's function is the wake potential from a unit charged ̂ function bunch, Vc(t). 
Its Fourier transform 

is the longitudinal impedance. 

3.2 I ligher Order Mode (HOM) Losses 
The HOM power, given by eq. (15), can be substantial for heavy quark 

factories because of the short bunch length and high current. The loss factor for a 
twenty convolution bellows has been calculated as an example and is shown in 
Figure 9. Taking the r-Charm Factory parameters in Table 1 and k = 3 x l o ' ' V/C (a 
typical value for the bellows for «rL = 6.2 mm) P h o m - A kW; the bellows would 
burn up! This example is gross, but it does point out the problem of localized 
heating. In fact, no one would use such a bellows; instead Ihey are shielded lo 
reduce the number and size of discontinuities. 

A model of the storage ring vacuum system is needed lo determine (he total 
I10M power because it depends on the number, type, and geometry of individual 
components. Collider designs aren't sufficiently advanced to have such a model, 
hut estimates can be made based on existing storage rings. One such estimate for a 

1.5 nvn-*] |*-~ 
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Figure 9: The loss factor for (he 20 convolution bellows and three values of the 
inner radius. 
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B-Factr/y indicates that with present components the IIOM power would be mnny 
limes the synchrotron radiation power and could be over 20 M W per beam." Th> 
is unacceptable! 

Loss factors must be reduced because of localized healing and total MOM 
power. There arc ways to do this: i) the number of discontinuities should be 
minimized, and ii) geometric factors should be considered for discontinuities lhat 
cannot be avoided. These factors are illustrated by referring to Figure 9. First, k has 
a strong bunch length dependence. The bunch has a spectrum lhai is proportional to 
exp(-{2aifO|yc) J where f is the frequency, and as O"L becomes small ihe power 
extends to higher frequencies. In the bellows example, the loss factor becomes large 
when the bunch contains significant power at frequencies corresponding to the 3 
mm period and 5 nun depth of the convolutions. Components that appear numerous 
times in the storage ring (bellows, pumping slots, etc) must be designed with 
discontinuities that are small on the length scale of the bunch. 

Second, when the bellows loss factor is large (o*^ < 10 mm), ii is roughly 
inversely proportional to the inner radius, r, and increasing r reduces k. This isn't 
nearly as - effective as reducing ihe length scale of the i'scominuities. However, it 
can be important because sonic components such as separators and KF cavities have 
geometric constraints imposed by their primary function; it helps to make theirinner 
radius large. The implications for the RF system are discussed in section 3.4. 

It is estimated that the total HOM power can be made comparable to or smaller 
than the synchrotron radiation power by employing the ideas above. The more 
serious remaining problem ,i healing of specific components where minimizing 
HOM power can be a significant design criterion. The separators at the IP are one 
place where this seems crucial. There must be gaps at the ends of electrostatic and 
RF separators to hold-off voltage, and there will be large HOM losses from these 
gaps. The HOM power of a specific RF separator being considered for a B-Factory 
has been calculated lo be over 100 kW*^; this amount of power presents 
considerable design and engineering problems. Asymmetric colliders have an 
advantage in this regard because magnetic separation can be used, and there is no 
need for a complicated separator. 

3 1 Single Bunch Instabilities 
Invabilities are classified as either longitudinal or transverse; ihc former are 

considered first. The total voltage is the sum of the applied RF voltage and tfr 
wake potential. Jowelt suggests using a 1.5 GHzsuperconduciing KF system for the 
xCharrn Factory. Taking the wake potential for ten 1.5 GHz cavity cells fur 
purposes of estimation, using the parameters in Table l.and assuming a Gaussian 
bunch shape gives the voltage shown in Figure 10. The wake potential males an 
appreciable contribution to Ihc tolal voltage. 

Wakefields have a fundamentally different character than the applied voltage. 
ir the bunch shape changes, the wake potential changes, and a self-consistent picture 
has to have a distorted bunch shape and the fields that would be generated by a 
bunch of that shape. There are two possibilities: 
1) The distorted bunch and its (self-consistent) wake potential are stable in time. 
The bunch shape is distorted, but the energy spectrum is unchanged from Ihe 
Gaussian produced by synchrotron radiation-13 This possibility is called "potential 
well distortion". 
2) A stable self-consistent solution does not exist- Unstable structure develops on 
Ihe bunch, and, if the sinusoidal RF voltage is approximated as linear, this structure 
grows exponentially in lime. The non-linearity of the KF voltage limits the growth, 
and the result is increased bunch length and energy spread. Accelerator physicists 
call this possibility the "microwave instability". 
Figure 11 shows these two regimes in SPEAR. 1 6 There is potential well distortion 
up to about 2 mA as evidenced by the constant energy spread, and then instability 
sets in with large increases in bunch length and energy spread. 

The collider must be designed to avoid Hie microwave instability. Significant 
bunch lengthening is unacceptable because it is incompatible with mini-f} optics. 
Energy spread increase affects experiments through a reduction in the effective cross 
section foe experiments running on resonances and reducing Ihe effectiveness of 
kinematic constraints for background rejection.'" The instability threshold 
{particles per bunch) is 

H1<ZL/n> = -fin Z0—±± (17) 
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where <Z|yn> is the effective impedance of ihe storage ring 
Z.<u)c 

<V > = : i S K — < 1 8 > 
averaged over tfic frequency spectrum of the bunch. There is, a great tftal of physics 
incorporated into <7.^Jn>\ it contains wiomMiion about ihe number and types of 
dissoniinuitics. the frequency conienl of the bunch, the cut-off frequency Tor 
clcciro-.iiagnuiii: wave propagation, and even some inrcsolved questions associated 
with the high frequency behavior of the impedance. The value of cq. <17) Is that it 
gives the dependences on accelerator parameters and it provides i rule-of-thumb for 
miking estimates. 

Existing machines have an effective impedance, <Z^/n> ~ 1 il. hut cq. (IV) 
gives <ZL/n> < 0.2 ft for the T Chann Factory at 2.5 GeV. This result is lypic«l of 
all heavy quark factory designs, and u means ihit the effective impedance must be 
reduced by about an order of magnitude below that of existing machines. The steps 
required to do this are the same as those required lo reduce the loss factor: 
minimizing ihe number of discontinuities and careful consideration of geometrical 
factors. 

Transverse insm bill lies are produced by deflecting, rather than decelerating, 
wakcfields. They limited the performance or PEP and PETRA, and it is anticipated 
they will be important for LEP also. However, rough: estimates are that this will not 
be the case for heavy quark factories. The dominant transverse instability is 
expected to be the "fast transverse blow-up". The threshold (panicles per bunch) 
when ihe vacuum chamber radius satisfies b > Oi is 

2 aye* Rb Z 

In this CH -ation <Zj> is Ihc effective transverse impedance and fl.av<, is the average 
fi function t, -n approximately by P - R/Qo. A rough relationship between the 
longitudinal ai. insverse impedances is 

<1-f ~ ^ \ l n> . ( 2 0 ) 
b 

The transverse impedance falls off more rapidly than Ihe longitudinal impedance at 
nigh frequencies; » •s. (19) and (20) account for that in an approximate w a y . 2 0 

Substituting 

whet e Qp - Q n or Q y . The result is N^/Nf « 1 /or the T-Oiarm and other heavy 
quark factories. 

The approximations that give Ihu result arc crude, but it indicates ihat the 
microwave instability is dominant. The basic reasons for the difference from I'liP, 
PETRA, and LEP arc the shot: bunch length of heavy quark factories and ihe rapid 
high frequency fall-off of the transverse impedance. 

3.4 Coupled Bunch Instabilities 
The wake potential of a -••"Ocular object like an RF cavity can be written as a 

sum over normal rnodes^' 

V ( l ) = • 2 6 ( i ) ( l k 1 1 ( < J L ) e « p ( - o j l t / 2 < ^ ) c o s ( Y ) ] (22) 

where Ic^criJ. a^. and Q„ ar<- the loss factor, angular frequency, and quality factor 
for mode Jl. respectively, and B(i) is the step function ( S = 0 for t< 0; 6 = 1/2 for I 
= 0; 8 • 1 for t > 0). The quality factor of a mode depends on stored energy and 
energy losses due to wall resistance and external coupling. Examples of the latter 
are probes inserted specifically for reducing Q and waves propagating away from 
the structure in the beampipe. High frequency modes lend to have low Q's because 
wall losses are high and they arc above the cut-off frequency of the beampipe. 
Therefore, ri large I the wake is likely to be dominated by a few low frequency 
modes. 

Modes with a high Q can cause coupled bunch instabilities because they can 
mediate energy transfer between bunches. Whether a particular mode causes an 
instability is sensitively dependent on its frequency, u) The bunch spacing is 
locked to the RF period, and the relative phase of the wake potential from dirferrni 
bunches is nui^/f^ wh're n i* the number of RF periods between bunches. When 



the phase is such that the wakes from successive hunches add constructively, an 
instability occurs. (This is an oversimplification because there arc different coupled 
hunch modes distinguished by a relative phase between bunches, but the essential 
picture is correct.) There are three ways lo cure potential coupled bunch 
instabilities: i) reduce the Q's of harmful modes so that the wakefield decays 
between bunches; ii) adjust the resonant frequencies so these modes do not cause 
instabilities: iii) use feedback to damp instabilities. Reduction of higher mode Q's 
is the preferred method. 

The dominant high Q impedances usually come from Ihe RF system. RF 
cavities have a high Q and strong coupling lo the beam in the fundamental 
(accelerating) mode, and this leads to other modes with high Q's and large loss 
factors also. Many heavy quark faciories have superconducting RFcavities as pan 
of the design because a large V ^ is needed for a short bunch length (eq. (12)), and 
this is possible with a small number of superconducting cavities. This limits the 
contribution of the RF system to < Z L / n > by minimizing the number of 
discontinuities associated with the RF. In addition, the inner radius of the cavity can 
be larger lhan ii would be for a normal conducting cavity, and th:? reduces <Zj_/n> 
further. 

The costs of using superconducting RF are the technical complexity and higher 
modes with Q - lo" in ihe absence of external coupling. These Q's must be 
reduced to about Q - 100 to avoid coupled hunch instabiliiies by Q reduction alone. 
This is one of the reasons thai only single cell cavities are being considered for 
heavy quark factories; the explanation follows. Multipacting, a vacuum electronic 
phenomenon, used to limit the gradient of superconducting RF. This limit was 
removed b; -"demanding the effects of cavity geometry and moving couplers (for 
reducing higher mode Q's) from the caviiy body lo the beampipe where the 
accelera' re mode power is small.22 RF systems with multiple cells per caviiy 
module have normal modes with the field energy predominantly in 1 single cell. K 
thai cell is an interior one, beampipe couplers can reduce the Q10Q ~ 10* only. 

Heavy quark factories require greater Q reduction, and single cell cavities are 
attractive for this. The R&D for this remains to be done, and it may turn-out to be 

necessary ID control coupled bunch instabilities with a combination of Q reduction 
and ihe other methods mentioned above. 

3.5 Discussion 
li's time to return to the central question raised in Ihe introduction. The 

conclusion from looking at higher order mode losses and beam stability is that there 
needs to be an older of magnitude reduction or wakefields as compared to CcSR, 
PEP, and PETRA. Therefore, wilh regard to intensity dependent effects the general 
question leads to two specific ones: 
1) How complete is our knowledge of ihe causes and effects of wakefields; i.e. are 
we in for the surprise of encountering new accelerator physics when peak and lolal 
currents are raised substantially? 
2) Do we have ihe tools and technology needed lo specify, design, and build 
components thai hive ihe required Wakefield reduciior.? 
The answers lo boih questions rest on over Iwo decades of experience with e*e" 
storage rings and on Ihe progress during the last decade since CESR, PEP and 
PETRA were built. 
3.5.1 Surprises: The role of wakeficlds in determining performance is increasingly 
appreciated with each new generation of accelerator. The "head-tail'' instability (a 
single bunch, transverse instability) was encountered first at ADONE. The 
importance of sexiupoles for curing this instability was understood there, and 
sexiupoles were incorporated imo all fiiture storage rings. SPEAR has scxtupoles, 
but ii has a large impedance also, and the consequent bunch lengthening Is shown in 
Figure 11. Wakefie. J reduction was carefully considered at CESR, PEP and 
PETRA. Impedance measuring techniques were developed, and there were 
"impedance czars" who ruled on Ihe appropriateness of vacuum system components-
Many practices that are now standard, such as shielding bellows, weie perfected. 
Despite this, an unexpected instability, the 'fast head-tail" instability (another single 
bunch, transverse instability) limited PEP and PETRA under some conditions. 

The observations mentioned above and closely related ones in proton 
accelerators led to an explanation of beam instabilities based on the Vlasov 
equation.-2' This work became well-known and widely accepted by Ihe early 



I980's. All observed instabilities arc explained, The principal limitations of these 
solutions arc ihc simplified wakefields used to gel results, Observations can be 
reproduced with simulations also. These can use realistic wakcficlds. but they don't 
lend themselves to j iv ing i clear picture of the underlying physics. The 
combination of analytical work providing insight and simulations for detailed 
calculations gives the ability to make a realistic evaluation of intensity dependent 
effects. A recent success of this approach is the quantitative explanation of bunch 
lengthening in the SUC damping ring based on the vacuum system geomenyl** 

Surprises have to arise from dynamics or impedance* outside our present, 
comprehensive understanding. There are open questions about the high frequency 
behavior of the impedance from discontinuities and from coherent synchrotron 
radiation, and this satisfies the description of a possible surprise. 5 The problem of 
the high frequency Impedance arises for accelerators ranging from synchrotron light 
sources to liner colliders, and it is the subject of some work. More may be required 
for heavy quark factories. 

3.5.2 Tools: The theory and simulations needed for understanding the effects of 
wake fields have been mentioned above. They are well developed. 

A second important sei of tools are the computer prograrns for calculating wake 
potentials and loss factors. Ten years ago the only widely used program was one for 
calculating the loss factors of low frequency modes of rotation ally symmetric 
structures^ Transverse wakcficlds, high frequency wakefields, and wake fields 
from structures without rotational symmetry could not be calculated. That is no 
longer the situation. About that time Tom Wei land began writing a comprehensive 
set of computer programs fur solving Maxwell's equations; these can be used to 
calculate longitudinal and transverse loss factors and wake potentials in a large 
variety of situations. The programs include 2 7 : i) BCI and TBCI that integrate 
Maxwell's equations in lime for rotaiionally symmetric objects (BCI was used to 
produce Figures 8 and °), ii) URMEL and URMELT that find the normal modes of 
rotation ally symmetric s true lures, and iii) the MAFIA group that generalizes the 

abuve programs for objects that don'i have rotational symmetry. BCI URMELT 
can be used for calculating the Wakefield £ of most components of a storage ring 
vacuum system, and they run on modest computers. The MAFIA programs can be 

used for components mat are not approximated well enough by rotationn] symmetry, 
but they require extensive computer resources. In some cases that is a Hmiuitton. 

Superconducting RF could be an important technology for heavy quark 
factories; here, again, then? has been crucial advances in. (he last decade. Cavities 
with appropriate gradient {~ 5 McV/m) and fundr.memal mode Q (~ 2x10 s ) arc 
commercially available; ihey were barely in ihe laboratory ten years ago! The 
progress has come from controlling muhipacting and improvements of niobium 
properties. In addition, large numbers of cavities are being employed in 
accelerators, and (he systems aspects of large superconducting RF installations are 
understood. Heavy quark factories have special requirements, strong higher mode 
damping and high power RF windows, mat are the focus of present development 
work. These developments mtfst be successful for superconducting RF to be used, 
but most aspects of superconducting RF arc proven already. 
3.5.3 Summary; There is at least one possible accelerator physics surprise, and the 
tools aren't perfect. However, there has been tremendous progress in understanding 
•nd controlling intensity dependent effects since the CESRT PEP. PETRA 
generation- This progress is one of the reasons for my optimisric answer to the 
central question raised in the introduction. 

4. THE BEAM-BEAM INTERACTION 

The small impact parameter collisions that produce elementary particles are 
rare. Most of the time a panicle interacts with th; electric and magnetic fields of the 
other beam only. This is the beam-beam interaction that imposes important 
constraints on storage ring colliders. 

4.1 Beam-Beam Tune Spread 
Figure 12 shows the deflection of an electron passing through a Gaussian 

positron bunch with R 0 « 1. There are three distinct regions. When \yVav £ I the 
deflection is linear in the displacement. Ay* = y/f. The opposing beam acts Like a 
focusing lens with a focal lenguY 



Only vertical morion was considered in ihc discussion above, but panicles 
oscillate in ihe horizontal and vertical. There is > beam-beam tune spread in both 
transverse dimensions, and Ihc beam occupies »n area in Ihe betatron lune plane. 
Figure 13 shows an example or the beam's "fooipiini". The '_,,eraiing point is 
determined by the storage ring lattice; most parlici'es have tune i shifted away from 
this point. The relation between the footprint and the resonance lines in the figure is 
discussed in the next section. 

The horizontal and vertical beam-beam tunc sprc jds characterize the beam-
beam interaction. Years of experience have shown thai the maximum lune spreads 
achievable arc $v<maiO. $ n(ma*) - 0.01 to 0 .06 . 1 9 It is likely thai ihe current will 
be limited by wakefields in heavy quark factories; then 

L - £ < H l t ; > * ( 2 S ) 

where l j v = S h = t, has been assumed. Large beam-beam tune spreads are important 
so thai ihe beam current can be used efficiently. 

4.2 Non-linearities 
The maximum beam-beam lune spr>- -i is determined by trie non-linearities of 

the beam-beam interaction. These lead 1i nonlinear resonances that depend on Ihe 
tunes as 

kQ v + JQ„ + mQ s = n < 2 6 ) 

where k, 1. m, and n are integers. The lune plane in Figure 13 has resonance lines 
given by cq. (26) crossing it. The maximum value oi ^ is reached when Ihc beam 
footprint is hemnied in by sufficiently strong resonances. These strong resonances 
are ones where ihe sum ikl + III + Iml is below a critical value. Resonances can be 
caused by different effects. One of these is the departure from linearity (*y' •= y/0 
in Figure 12; this leads to a minimum set of resonances lhat cannol be avoided. 
"Parametric" resonances are another class; they are driven by modulation of ihe 
beam bean, deflection. A simpler example of parametric driving is shown in Figure 
14. 

IS609H9-O77 

Figure 13: The betatron tune plane with Ihe (shaded) beam footprint. The lines in 
Ihe tune plane correspond io various resonances given by cq. (26). This figure is 
from ref. 130]. 
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Figure 14; A parametric oscillator illustrated by Nari Mistry. Modulation of the 
restoring force allow.1; this kid I D reach lar^e amplitudes. 
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Tabic 2: Beam-Beam Rules and Ideas 

Head-on colliskwij 33 

IDEA Rcf. 
Hound boms 34 

Crab crossing 36 

RULE Kef. EXPLANATION 
P y P h > < I L •" TTic licLiirun phase advance on success.™ luriu ismoJulaicJ by 

lynchnurnn oscillationi. Recent w*uk JUfigesis ifcii thunilc may 
not be as stringent u once ihnugliL W 

l l p ^ 0 ' l TTtc dispersion, rijp. measures ihc energy ilcncihfcntc of the 
horifunul position at ihc IP. If t l jp i* ° . the hunt, position ii 
energy dependent; thisimxlublcs tUe bcarii-b&itn dcflcclMin u Q s. 

WHh nun-zero crossing angle lite beam beam deflection is 
modulated by lynchioUiHi uscilbuiuns. 

EXPLANATION 
The modulation of the YcitL.nl ilcllcLlion by horiinnpl bctauon 
oscillations Is removed.^ 

Tilting the beam removes ihc miidulaiicn intniduccd by non-zero 
crossing angle. 

The years of experience with c +e~ storage rings have led to some empirical 
rules for getting large lune spreads. Most of these rules arc ways IO avoid 
parametric resonances. Table 2 gives the rules, brief statements about the physics, 
and ihc ori^Jnal references. Understanding the physics of the empirical rules leads 
to ideas, about new modes of operation thai have attractive features such as higher 
tune spreads. Two such ideas are included in Tabic 2. Crab crossing and head-on 
collisions arc related closely, and they arc discus.cd as an example. 

Figure 15 shows two bunches colliding at an angle. Panicle Ml at the head of 
its bunch passes through the head of the oncoming bunch while particle #2 passes 
through the center and panicle #3 pa- cs through the tail. Panicle M2 is deflected 
more than HI and #3 because ihe charge density of the opposing bunch is greater at 
the center than at the head or tail. One-quarter of a synchrotron oscillation period 
later the situation is different (Figure 16). Panicles Ml tiiul *3 ure in the center of 
the bunch, and #2 is at the fail. Thcrcfore.il and #3 experience larger deflections 
than #2. The beam-beam deflection is modulated by synchrotron oscillations, and 
collisions must be head-on to ivoid this modulation. The beams in DORIS I crossed 
at an angle, and DORIS 1 had a low maximum tune spread.^-3 Thai experience Led 
to the rule that collisions must be head-on. 

http://YcitL.nl
http://Thcrcfore.il
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Hgurc IS: Two bunches colliding at an angle; psnicles 1, 2. & 3 are pan of the 
unshaded bunch. Figures a) through e) show the passage of time during the 
collision, and 0 shows the particles' positions in longitudinal phase space. 
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o 
Figure 16: A collision our quarter of a synchrotron oscillation period later. 

Crossing at an angle could be attractive for heavy quirk factories-, complicated 
separators would be unnecessary, and high collision frequencies would be possible. 
Crab crossing is an irlca for solving background problems in linear colliders37 that 
has been adapted to storage rings to permit crossing at an angle.'" It is illustrated in 
Figure 17. The bunches cross at an angle, but they are lilted with respect lo their 
directions of propagation. Each of the three particles pass through the head, center, 
and tail of the opposing bunch, and they have the same beam-beam deflection. The 
source of the modulation is removed, and a crossing angle and large maximum t, are 
possible at the same time I The cost is that RF cavities with deflecting fields arc 
needed at each side of the IP to tilt the bunches before and remove the tilt after the 
collision. 

4.3 Discussion 
Heavy quark factories must be designed to get a large beam-beam tune spread. 

That simplifies many of the intensity dependent effects by lowering the total current, 
reducing the synchrotron radiation power, reducing the HOM heating, and relaxing 
ihe limit on <L\]K>. These could be crucial. Alternatively, an increase in cj could 
mean a welcomed higher luminosity. Non-linearities and other effects that limit the 
tune spread must be understood. Work on the beam-beam interaction is not as 
advanced as that on intensity dependent effects, and history has shown the beam-
beam interaction to be a NOTORIOUSLY difficult subject in which lo make 
progress. The picture presented in the last section is one that i think summarini the 
experience with e+c" storage rings/ind that is another reason for my optimistic 
answer to the central question iu the introduction. 

However, it must be made clear thai my opinion is not universally accepted, 
and the beam-beam interaction must be studied actively. A powerful combination 
for doing thai has been developed. That combination is: 
1) Theoretical work that has shown the importance of modulation effects in the 
beam-beam interaction by considering simplified situations. 
2) Computer simulations and large computers for modelling the beam-beam 
interaction. These simulations have a mixed record of predicting performance,38 

but they are being improved by comparison with operating colliders. 
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3) Storage rings that can be used for beam-beam experiments. These are central 
for improving theories and simulations, and can be used for testing ideas. 
Experiments related to the ideas in Table 2 are under consideration. A first test of 
round beams will be made at CESR this fall, and a crab crossing experiment is 
possible at PEP."0 

This combination was not available ten years ago, but it is now! The work 
showing the importance of modulation was done during that time; Ihere have been 
enormous increases in compuicr power, and storage rings lhai allow beam-beam 
experiments with parameters close ll diose of heavy quark faciories arc available. 
Given the motivation from Tau-Chaim and BFaetorics and our present insights and 
resources there can be progress in understanding the beam-beam interaction and 
increasing the beam-beam limit. 

5. CONCLUDING REMARK 

Is the accelerator physics sufficiently well understood that Iwo orders of 
magnitude in luminosity (up to Hl^cm^s"') is conceivable? There are good 
reasons to conclude that it is because of [he progress during the last decade. 
Wakcfields an<] their effects can be calculated, and there is new technology with 
important implications for wakefield reduction. A picture synthesizing beam-beam 
experience has emerged. It needs (o be tested further, and if those tests arc 
successful, we understand (he beam dynamics that are key to a cost effective design 
of a heavy quark factory. This design is al the leading edge of accelerator physics 
and technology, and it offers challenging accelerator research, design and 
construction problems. 

Moreover, heavy quark faciories will be important instruments for particle 
physics research. The accelerator physics challenge coupled with the particle 
physics payoff mate this an exciting area of physics. 

This work was supported in part by the National Science Foundation. 



APPENDIX A: DEFINITION OF SYMBOLS 

VARIABLES 
Luminosity 
Collision Htqucncy 
Ccnier-of-miss energy 
Synchrotron tune 
Transverse bum sizes 
CoHiiion polfl! P'J 
Bunch fenfih 
Dam ping decrement1 

Number of bunches 
Longitudinal impedance 
Ave naje radius 
Vacuum chamber radius 
Damning Partition numbers 
ToolcurremAini 
PeakcuntnL 
Peak RF volume 
HOM power 

L 
'c 
W 
Q s 

K.U. 
°L 
A-Un/ymc1 

B 
<zL/h> 
R-Circunv2rc 
b 
J 

Tiom 

PMticlesVbi nch 
Beam enr \ y/mĉ  
Betatron runes 
Beam-beam tune spread 
Bean size ratio 
Emruances 
Energy low per turn 
Momentum compaction 
Fractional energy spread 
Transvcne impedance 
Bending radius 
Avenge P function 
Dispeniort 
Synch, radiation power 
RF frequency 
HOM loss fetor 

CONSTANTS 
Electron classical rodius re = 2.82ilD"l5m Free space impedance 
Speed of light c = 3.00x10s m/sec Electron charge 

N 

"o a 
"5 
•cZr> 

Z 0 »377n 
e-1.6iI0- | 9 C 

* h and v denote horizontal and vertical, respectively. 
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PROSPECTS FOR NEXT-GENERATION 
e +€" LINEAR COLLIDERS* 

RONALD D. RUTIJ 

Stanford Linear Aculcralur Ctntcr 

Stanford University, Stanford, Catifvraia 9^'JO'J 

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

Tiie purpose of this papir is to review progress m the U.S. tuwatda a ncxl 

generation linear collider. During 1988, there were three wofkahop* held on linear 

colliders: 1.) "Physics of Linear Colliders," in Capri, Italy, June M-J8, 19S8; 'J.) 

Snawmau 88 (Linear Collider subsection) June 27-July 15, I USB; and 3.) Si .AC 

International Workshop on Next Generation Linear Colliders, Nov. 28-Pec. if, 

1388. To obtain detailed current information, the reader is directed to Ikfc. 1-3 

whicii are the proceedings of each of the workshops. Jn addition, the- Sriuwmass 

proceedings for the linear collider working group are collected in lief, •]. Tim 

paper will concentrate on U.S. efforts and will draw heavily from ftefs. 3 and -lr 

There is also much work ongoing in other parts of the wutld. The Soviet 

Union is planning a lineal collider at Scrpukov which is bciu* designed at INJ' in 

Novosibirsk. CERN is working on CL1C (CEIlN Linear Collider). Finally, KKK 

is actively engaged in linear collider research towards a JI,C (Japanest? Lriu-ar 

Collider). Much of this work is covered in Hefs. 1 and 3-

Fn this paper, I focus on reviewing the issues and progress on a ri'.xi generation 

linear collider with the general parameters shown in Tabic J. The energy range rs 

dictated by physics with a mass reach well beyond LEP, although somewhat ihutt 

of SSC. The luminosity is that required to obtain IO* — 10* units of /fa per year. 

The length is consistent with a site on Stanford land with collisions occurring on 

the SLAC site; the power was determined ty economic considerations. Finally, 

* Work suppotled I? (be Department of Energy, tonii^t DE- AC03-7CSl'06M5. 
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(IK* technology was limited by I he d**stre t« haw a twxl ^r^cmtirm linear collider 

)»v ill'* next criitur.v. 

T.ib e 1. General parameters. 

Ivp/rgf* 0.5 - 1.0 T r V in ceutcr-of-irtJSB. 

Luminosity 1 0 " - 1 0 " m i " 3 M I T 1 . 

Length Each Linac. <, 3 K m . 

I'OWIT S 100 M \V prr l/mat. 

Technology Must he realizable by 1900-02. 

The basic configuration of such a linear collider is shown in Fig. 1. The bram is 

amderated by an injector liiiac and then injected into a damping ring which damps 

thermitlanreof the beam -md prm-idca Uic beam with appropriate intensity ind 

repetition rale. After extraction, the bunch must be compressed in length twice in 

order In nr.hicvc the short bunches juilable for the liitac and final focus. The linac 

is used tu accelerate the beams tu high energy while maintaining the cm it lance. 

Finally, the final focus is used to focus the beams to a small spot for collision. 

Tins must yield a hmiiii^ity with tolerable beam-beam effects (disruption And 

he.int£tra!i[un£) and must also provide a reasonably backgrutind-frec environment 

for Ihedrlerlnr. 

Uefore proceeding to a detailed discussion or the linear collider subsystem 

by Mibsystcrii, it is useful to discuss generally the overall results of the past few 

WIT'S activities. Perhaps one of the most important devclopmcntsis the increased 

interest it) an Intermediate Linear Collider (I1.C) with an energy of 0.5 TeV in the 

center-of-rnara. This is a factor of two below the TeV Linear Collider (TIC) and 

Umn would require a factor of four less peak power provided that the machines 

wen: the name length. From Fig. I an JLC could be upgradable in energy either 

by llir addition of power sciiirre^or by increasing Hie linac length. The trombone 

shape lend? itself well to increases in length. 

If we begin the dforiuffoii «r an TLC or TLC at the tower energy end, the 

damping Ting Mid bunch cimipressnT designs seem relatively straightforward with, 

• " Comprtttor #2 

16 GaV Linac 

#" Compressor I I 

' Damping Ring u$ 

• " Some* 
and BuDchar 

Final Foci 

TLC SCHEMATIC 

• • Collector 
and Acc»ltr*H?r, 

•* Dimplna Rtafl 

• • Comprtitor f ' 

16 G«V Linac 

• * COfliprttior §2 

Frg- 1. Schematic layout of an ILC or TLC. The angles shown are exaggerated-
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however, somewhat tighter tolerances than usual. The main liuac will proba

bly have a structure simitar tu SLAC, except at four limes the frequency. The 

stiut'tnru will be iriotlificJ with holes coupled to waveguides in arder In damp the 

transverse and longitudinal higher-order modes. Tliis makes possible the use of 

multiple bunches pur HF fill, which increases the luminosity by a factor of JO for 

"fiee," 

There is uu ddiuite power source as yet. The recent demonstration of bi

nary pulse compression at SLAC lias focused attention on more conventional 

approaches to long-pulse power production. A high-power klystron is under con

struction at SLAC to feed the l tF pulse compressor, and there arc many new ideas 

for power sources which would drive RF pulse compressors. 

Once the power source problem is salved, we are still left with the luminosity 

problem. These two aspects are only partially decoupled due to the use of many 

hunches (a batch) p r RF fill. To obtain the luminosity, we must preserve the 

emittnuce of the beam throughout the Hnac, The final focus demagnifies the beam 

to ubtain a vury flal beam at the final focus. The chromatic correction for this is 

quite delicate, and tolerances are light. Finally, we must measure the beam size at 

the interaction point in oider to tune the final form. Many of these problems can 

he addressed via a model final focus at a lower energy. Towards this end, * Final 

Focus Teat Beam is being constructed at SLAC by an international collaboration 

of SLAC, 1NP, KEK, and Orsay. 

During the SLAC Workshop in December 1988 following Snowma&s, there 

was one important discovery which should be emphasized here. Beainstrahlung 

phut una create c+e~ pairs upon interacting with the opposing bunch. One particle 

of Llic pair is deflected strongly by the field of the bunch. This, in turn, can cause 

serious background problems. This will be discussed more thoroughly in the later 

sections of this paper, 

in the next sections, ] first discuss parameters briefly ami then discuss damping 

rings. The basic principles of bunch compression are treated in the next section. In 

the section on the linac, there are three subsections. First 1 discuss RF structures 

and power sources, and then 1 move to a discussion of cmittauce preservation 

in the linac. This is followed by a discussion of the final focus ^rut lpi-;nn IKMUI 

effects. Finally, 1 introduce Mine of the issues fur inultihnnrh ellVi t». 

2. PARAMETERS 

The parameters for a ii«*xl-generation linear collider aie far from being fixed. 

However, initial studies have yielded global parameters in the neighl Kit timid of 

those presented in Table 2. The parameters shown are for an |J,0 with ().{* Ti:V 

in the CM- To upgrade to a TI.C with 1.0 TeV iu the CM one can either Increasi-

the RF power by a factor of 4 or increase the length by a factor of 2. With the 

higher energy beams, the spot sizes will decrease, and the bcitmslraldling energy ' 

loss increases to the level -*> 20%. 

The interaction point geometry is given with twi> option*: no crab l e t t i n g 

means that the crossing augle is within the diagonal Jingle of the hunch, n a b 

crossing allows a larger angle by giving the beams a time varying transverse kick 

which causes the beams to uverlap almost completely when they cross-

In the next several sections we discuss many of the issues whii !i are Input into 

the design of a linear collider such as thai presented in Table 2. 

3. DAMPING RINGS 

In Kefs. 6 and 7, T. Itaubcnheimer ti QL discuss many or the basic design 

con si derations for the damping ring. The basic parameters are shown in Table ,\ 

where they arc compared to those of the SI.C The key differences art '.he decrease 

of the horizontal eniittance by an order of magnitude, the increase or the repetition 

rate, and llie requirement ofttftr J= 100- Although asymmetrical emiuaims. have 

been measured in the SLC damping ring, they are not required for .SI,C operation. 

The desired repetition r . tc is obtained by having many batches of bunches in 

the ring. Each hatch of 10 bunches is extracted on one kicker pulse and accel

erated on one HF fill tn the linac The remaining batches are left in the ring to 

continue damping while i n additional batch is injected to replace the extracted 



Talile 2. Parameters for an JLC. 

1LC 

(ienrrai 
CM onrrgy 
luminosity 1 0 M 

RK frpi|Hivfir>' 
rr|M-tiliun ralr 
flctel gradient 
Tuinilirr liiinrhi-f 
ji,irlirlrs/l'«ncl( (at IP) 

TeV 
cm*"' nee-"' 
Giiz 
Hz 
HV/m 

10'° 
Km 

.5 
3.9 

11.1 
5C0 
S3 
10 

1.6 
7.2 

tMtiifiing (Unci 
cmUtanrc ' i / ' » 

rniittnncr V * 
liunrh FpnfinR 

m 
m 

100 
3.5 
.04 
.21 

/.iHor HF 
loading T; 
Iris liidiuH a 
fivrtioii ltiiK*h 
•-,/r 
P*llm< IriiRlh 
penk powf-i71<*nplh 

% 
mm 
m 

ns 
MW/m 

2.5 
4.0 
1.5 

0.00 
VI 

191 
final faciiS 

trussing jing'*- (no rrab) 
craU ausfing anglo 
fi«" IrnglN 

mm 
mrad 
mrad 
m 

.08 
4.8 

30100 
.52 

[ntr.rstftiflft 

"» 
" r / r , 

riiHiipVmn > \ 
InEII enhance / / 
lieainsl raliluiig f1 

nm 

/irrt 

3.1 
ISO 
70 
10 

1.5 
0 

twit*. Thr thrt-slidld -rurrful refer.1! lo the threshold for thr- "microwave instability1 

Mr "lurt'iilcnl hiint'fi lengthening." 

'['lie liasir layout cif a iKiŝ itil-r* damping ring is shown in Fig. 2. Notice thai 

t h « e £•£ several insertion!) which contain wigglers. In order to obtain thr high 

repetition Tale, it is necessary to decrease the damping time by the addition of 

wrigglers in straight sections. 

Tabic 3. Basic parameters of the SIX? and TLC 
damping tings. 

IXC SLC 
Energy t - 2 UcV 1.15 CSev 
Eniittancc, ->fr J,0 nmtad KJ /Jinrad 
Eimttuite, f t f TO nrwad frflO nmrad 
Repetition rale 160 Hz ISO l(z 

fiunch length 1 mm 5 mm 
Threshold 
Current 

•atdira of 10 
Junch«of2x 1 0 w 1.5 x 10*"* 

\ 11 FODO 
cell arcs 

50 Meters 
Fig. 2. Schematic of the TLC -lamping ting 

In Tables 4 and 5 t you sec the basic parameters for the fing. The laltire 

is combined function which allows the partition of the damping lime* to trade 
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liOTiKonla) damping time for longitudinal. The RF frequency for this example is 

necessarily 1-4 GHz since the bufich spacing in this example is about 20 cm. The 

tli retinoid impedance (Zfn)t is that for the microwave instability. It is quite a mall 

due to the small momentum compaction factor, but is only about a factor of three 

below that obtained in the SLC damping rings.8 

Table 4, 'LLC damping ring parameters. 

Kncrgy E 0 = 1.8 CcV 
length L — 155.1 meters 
Momentum compaction » = P.0Q120 
ftities r, = 24.37, v, = 11.27 
RF frequency !RF = \A Cllz 

Current 
10 balcha of 10 bunches 
J 2 x l 0 ' ° e - 7 e -

Tabic 5. TLC damping ring parameters. 
Wigglcrs Off IWiggkn On 

Natural *jtx J.46 /jmrad 2.00 /imud 
lix. w/ intrabeam 1.33 /rnirad 2.74 /imrad 
Damping, r r i.SSms 2 50 m j 
damping, rr J.19ms i.08;na 
Hep. rate, f,tp 155 l is 3001lz 
Damp, partition, Jx '.37 1.59 
Energy spread, tf. 1.00128 3.00104 
Itadi&tion/turn, U$ m KeV 108 KcV 
Bunch length, at 3.6 mm 5.2 mm 
Synch, tunc, vt U.0068 p.0058 
[Zhh F x 0.3211 F x 0.200 
Natural chrom., f t 28.35 -28.07 
Natural chrom., f„ -25.10 -22.27 

Another key aspect of the design is the small vertical emittancc. The design 

calls for an cjiiittauce ratio £ , / ( , s= 100. This size emittanee ratio is quite common 

in e1 storage ring;.. However, tin; to I trances for obtaining a small vertical beam 

iize arc proportional to the absolute size. In Ref. 6 , those tolerances which 

are related to maintaining the emittance ratio arc calculated. The I o term ices 
presented in Sec. 5 of Ref. 6 are in the 10U /mi range and could be improved by 
adding correction skew quadrupoles in the ring. 

4. BUNCH COMPRESSION AND PRE-ACCELERATION 

In order to obtain the very short bunches necessary foi tbe tinac, \\ is ««i t^amy 

to perform at least two bunch compressions after the damping ring. Dmigus for 

bunch compression are presented in Kefs. 9 and 10. A bunch length of about 

50 jjm in the litiac puts a constraint on the longitudinal crnittanceof the damping 

ring. In addition, during the bunch compression^ it is necessary to keep the energy 

spread small to avoid the dilution of the transversa cimtlancc. If we assume that 

we can transport ] % energy spread without diluting either Irarnvtirse tuiittaure, 

then at least two bunch compressions are needed. For example, if we consider a 

1.8 CeV damping ring with energy spread At'//V — 10~ J and a bunch h-ngth of 

5 mm, the two compressions are shown in Table C. The first uiic decrease ilie 

bunch length by an order of magnitude. This is followed by a prc-acci-k-ration 

section to decrease the relative energy spread in the beam by about an order of 

magnitude. One must avoid an increase of energy spread due to the cosine of 

the RF wave (and also due to beam loading). If this pre-acccleration h done 

at the present SLAC frequency and if the bunch current is as shown in Table 4ly 

then the additional energy spread induced is about 5 x 1 0 - 1 , Neglecting this 

small increase, the next bunch compression happens around IS (ieV and serves 

lo reduce the bunch length tu about 50 pin. This j* suitable fur injection into tin: 

high frequency, high gradient structure. 

Table G. Bunch compression. 

E A f / £ "t Compress —» A f / t ' <Tt 

I.SGcV to-' 5 mm Compress -» I0" j 0.5 niiji 

[prc-acceleralion at long wavelength, A = 10.5 cm] 

!8GeV io- J 0.5 mm Compress —t \r2 50 fim 



The two <fc.sign!i slibwn in Hef. 9 are for Imncb compressors which have small 

bending aligns. Reference W presents severaf designs hi which the bend angle for 

llit; final compress™ in I8(P as shown, in Fig. I. This 1<JW energy bend allows easy 

upgrades in energy, and also makes it possible to do direct feedback to compensate 

jitter from the damping ting kicker magnet. 

5. LINAC 

The IIUAC is envisioned to he similar to the SLAC disk-loaded structure with a 

frequency of four times the present SLAC frequency. The irises in the design arc 

relatively larger to reduce transverse wake fields. The structure may have other 

modifications to damp long-range transverse wafccfields. This would be driven by 

a power sanrci capable of about 900 MWym for a 200 MeV/m TLC or about 220 

MW/m in the case of a 100 McV/m ILC, 

The remainder of ibis section is divided into llirec subsections- In the first 

subsection we discuss structures, the second deals with RF power sources, and 

finally the third treats cmittnnce preservation in the linac. 

5.1 STRUCTURES 

Since the gradients being considered range from 100 MV/m to 200 MV/m, the 

first question that arises is KF breakdown. This question is treated in Kefs. II and 

12, In this paper G. Locw ami J. Wang present results from many experiments at 

various Frequencies. If the scaling ]a*s thus obtained MJG extrapolated to 11.4 and 

J7.1 GHz, the breakdown limited surface fields obtained are 660 and 807 MV/ju, 

respectively. To convert (his to effective accelerating gradient, a reduction factor 

of 2.5 is typically used. In both caws, the accelerating gradient is above 200 

MeV/m. However, the measurements also indicated significant "dark currents" 

generated by captured field-emitted electrons. The question of the effects- of dark 

current on loading and beam dynamics in not yet resolved and needs further study. 

As mentioned in the Introduction, in order to make efficient use of the RF 

power and to achieve high luminosity, it seems essential to accelerate a. train of 

bunches; with each fill of the JtF structure. This leads to two problems: [I) 

the energy of the bunches id the train must be controlled and {2) the trausvrrse 

stability of the bunch train must be ensured. Tlotli of these prubl'-ms an* U<-1|>rri 

greatly by damping higher modes (both transverse and longitudinal) in the RK 

.structure. In Jtc/. 13, IL l*aliner describes a technique of using .slotted iris<^ 

coupled to radial waveguides to damp these modes; Q's as low na 1(1 20 have been 

measured in model structures. ThiscncaiiragiiigevjrfenccliA.i (ed tu a development 

program at SLAC and KEK to do marrr detailed studies of slotted structure*-

The beam dynamics consequences of damping the higher modes is explored in lb' -

section un Mullibunch Effects. 

5.2 RF POWER SOURCES 

Before discussing results on power sources, it is useful to contrast and compare 

two basic approaches! RF pulse compression and magnetic pulse compression. 

$2.1 RFFtrlse Gompres5ion and Conventional Klystrons 

In Fig. 3(a), you see illustrated the basic principle of RF pulse compsession. 

A long modulator pulse is converted by a high-power, 'semi-conventional' klystron 

or some other pow« source into RF power with the same pulse width. This ft(' 

pulse is then compressed by cleverly slicing the pulse using phase shifts and 3 db 

hybrids and re-routing (he portions through delay line* so that tfiey add up at Hi** 

end to a high p**k power but for a small pulse width. This scheme was invented 

by D. Ftrkls at SLAC and is presently under experimental investigation. With 

a factor of 8 in puuw compression, a iOQ MW Mystroti could power about 3 m flf 

structure to achiev* 100 MV/m. 

In Ref. 15, P. Wilson describes RF pulse compression in some detail including 

estimates of efficiencies. An experimental test aJ S W ^ of a kur-Iow, Jow-poKvr 

system has been completed which yielded a factor of 3.2 power gain. A 100 MW, 

11.4 GHz "conventional** klystron, which lias just been completed *t SLAC, will 

be used to perform high-power tests of ft pulse compression system designed to 

yield a power gain of 6. 



RF POWER SOURCE DEVELOPMENT 

(a) RF Pulse Compression 

Klystron 

Modulator 
Poise 

Compress 

(b) "Relalwislic Klystron' 

Magnetic 
Compression 

Modulator 
Pulse 

Relativjstic 
Klystron 

RF 

Fig. 3a. Ill ii strati on of RF pulse compression. 

3b. I l lustrate of I lie rclativistic klystron with 

magnetic compression. 

5,2.2 Magnetic Putve Compression and ike Rclativistic Klyxtzcn 

In Fig. 3(b), you see the principle of magnetic pulse compression and the 

relativistic klystron illustrated. In this case, the pulse compression happens before 

the creation of RF. This technique makes use of the pulsed power work done at 

LLNL in which magnetic compressors are used to drive induction linacs to produce 

multi-McV e" beams with kiloainpere currents for pulses of about 50 nsec. These 

e~ beams contain gigawatts of power. The object, then, is to bunch the beam at 

the RF frequency and then to extract a significant fraction of this power. This 

can be dune either by velocity modulation or by dispersive magnetic "chicanes." 

After bunching, the beam Is pissed by an RF extraction cavity which extracts RF 

power from the beam. 

Experiments on the relativistic klystroti are described in Ref. 17. The best 

power output achieved to date is 330 MW. Although higher acceleration gradi

ents b*ve been achieved, the best break-down free acceleration gradient in this 

experiment is 84 MV/m with SO MW of RF power input into a 30 cm long accel

erator structure. 

5.Z3 Other RF Sources 

It is also possible to consider other sources driven by magnetic pulse com 

pressors which directly produce siiort, high-power RF pulses. One example b a 

cross-field amplifier (CFA). This device has the geometry of a mag hi Iron but is 

configured as an amplifier rather than an oscillator. 5LAC is presently complet

ing the construction of a 100 MW CFA which will be tested in early 1900. This 

device could also produce long RF pulses for RF pulse compression. Although it. 

is a large extrapolation from existing sources, it holds the promise of being much 

cheaper than an equivalent power klystron. 

Another interesting possible RF source is the duster klystron. In Ref. 18, 

R. Palmer and R. Miller describe a multiple beam array ul "klyslrinos" which 

when coupled together can give impressive results. By dividing a single beam into 

many beams shielded from each other, the problems of space charge are effectively 

eliminated. This source could be used as a driver for RF pulse com press ion. 

Alternatively, with the addition of a grid and an oil-Mlled transmission line for 

energy storage, the device could directly produce short RF pulses. Thus far, there 

has been no experimentation; but calculations and cost estimates are en cuu raging. 

Rather than separating the beam into separate beams, it is also possible to 

consider ribbon beam geometries, One possibility, the Cigatron, is presented in 

Ref. 19. This device makes use of the lasertron concept to produce a bunched 

beam directly at the cathode. Field emitting arrays are used fur the cathode while 

a ribbon beam geometry is envisioned to control space charge effects. This device 

ii another candidate for RF pulse compression and has an impressive efficiency 

on paper. Experimental tests are presently being prepared. 

To conclude this section, it seems that if high-power tests of RF pulse com

pression show positive results, there are several candidates to provide the long 

pulse input RF. Such an RF source combined with RF pulse compression would 

be a possible power source for an ILC or TLC which could be realized in the near 

future. 



6-3 EM1TTANCR ritr.:.KTlVA710N 

During the process of acceleration, wo must take care m l to dilute the emil-

lancc or the beam. There arc several effects which can lead to cmillaneedilution, 

hi ihe next few subsections, we discuss A few of the most important effects. 

5.3. t ChroniAtii-Ettkxtn 

The fi I a mentation iif the central trajectory In a linac can cause dilution of 

the effective cniitlftnce of t!ie beam. If we first consider a coherent betatron 

oscillation down the liuac, then to be absolutely safe, we must require that it be 

Minnl! compare J to (he beam size. If the spread in betatron phase advance is not 

t<>o large, then this tolerance is increased to perhaps twice the beam size for the 

cose shown in Table 2, 

The chromatic efTert of a corrected trajectory is rather different. In this case, 

it is the dKlaiKC between an ector and a corrector which matters, and the effects 

partially cancel yielding a growth K ••J^^mmi- This yields a tolerance on magnet 

misalignment the order of 20 to 30 times the beam size in the linac (about 20 jim) 

Tor the ease in Table 2. This is also the tolerance on BPM measurements. If the 

phase advance of the linac or some subsection is not loo large, then this yields a 

linear correlation of position with momentum (dispersion) which can, in principle, 

be corrected since it dors not vary in lime. Therefore, it may be possible to have 

looser tolerances if such correction is provided. 

5.*?.2 Transverse U'afceficfds and BNS Damping 

The wakcJicId left by the head of a bunch of particles, if it is offset in the 

structure, deflects the tail- If the transverse oscillations of the head and tail have 

the same wave number, the tail is driven on resonance. This leads to growth of 

the tail of the bunch. This effect can be controlled by a technique called BNS 

damping. The bunch is given a head-to-tail energy correlation so that the tail 

in at lower energy. The offset of the head by an amount £ induces a deflecting 

force on the (ail away from the axis. The tail, however, feels an additional force 

A/t x, where A/i is the diuVrrnre >n focusing strength. These two forces ran be 

arranged to cancel, thereby keeping the coherence of the bunch as a whole. For 

the designs shown in Table 2, the spread in energy for BNS damping is much less 

titan \%. This correlation can be accomplished by moving the bunch slightly on 

the RF wave to obtain a linear variation across the bunch. 

Recently, DNS damping ha* been tested at the SLC with great success. It. 

is now part of normal operating procedure, 

5.3-3 Jitter 

In order to maintain cullisioos at the interaction point, the bunch mint not 

ntovc very much from pulse to pulse. Since the optics of the final focus also 

deinagnify this jitter, the tolerance is always set by the local beam divergence 

compared to the variation of some angular kick. The jitter tolerance on the 

damping ring kicker is thus related to the divergence of the beam at that point. 

This is discussed in Ref. G. At the injection point to the linac, the offset caused 

by thist jitter must be small compared to the local beam size. 

If all the quadrupote* in the linac are vibrating in a random way, the effects 

accumulate down the tinac and the orbit offset grows e* y/ff^j. This sets the 

tolerance on the random motion of quadrupolea to he much smaller than the beam 

size, la the examples in Table 2, the random jitter tolerances arc ~ 0.(31 pm. On 

the other hand, tolerance* for correlated effects are an order of magnitude less 

teverc. In either case, tbit iize motion from pulse-to-pulse is unlikely due to thr 

large repetition rale of the collider. Mote gradual motion, which is larger, can be 

corrected with feedback. 

Jitter in RF lucks can cause similar effects- These effects can be reduced by 

reducing the DC component of the RF kick by eliminatiug asymmetries in couplers 

and! by careful alignment of structures. 



A.3.4 ConjiJijtg 

Finally, we dincuss coupling nf the horizon Lai and vertical omittance. The 

beam size ratio in the Hnac in 10:1. The tolerance on random rotations for a flat 

beam ia given by 

Tor the example tliown in Table 2* the right-hand side la about 3 mrad; tl is i» 

straightforward to achieve. If llm errors are not random, larger rotations- can 

indeed result; however, because the beam size ia so small, the effects art; very 

linear. This means that skew quadrupoles can be used effectively as correction 

element*. Certainly, in the final focus, shew quads will he an integral part of the 

tuning procedure to obtain flat beams. 

6. FINAL FOCUS 

The final focus, as described in the parameters in Tabic 2, is a flat beam 

final focus with a crossing angle. The purpose of the flat beam is to increase the 

luminosity while controlling btamstrahhmg and disruption. The crossing angle is 

to allow different size apertures for the incoming and outgoing beam. Another 

invention, "crab-wiae crowing," diticuswrd in Rcf. 5, allows a n;uch larger crossing 

angle than the diagunal angle of the bunch- As discussed in Rcf. 5 and in ftef. 23, 

this type of geometry may now be essential due to the production of e + e ~ pairs 

by bcamstraJilunj phutons in (lie field of the bunches. 

G.l FINAL FOCUS OPTICS AND TOLPHAHCES 

The first job in the final focus is to demagnify the beam to provide a small 

spot for collision. The design for such a system is presented in Itef. 24 by K. Otde-

This is a flat beam final focus which achieves the parameters shown in Table 2 for 

vertical and horizontal beam size. The vertical size is limited by a fundamental 

constraint "the OJde limit" due to the synchrotron radiation in the final doublet 

coupled to the chromatic d i e d of a iinadiupo]^- Tint tpiadrupolc ^radii-ilia utn'.s-

sary are very high and in OidVs design areoblrtined by rorivrntiunal iiun mHgnrl.s 

with I mm pole-to-pole distance. Tulcranccs pw. very light in such a fiiuil forux. 

The most restrictive vibration tolerance is nn the (inn) dun Met which miiiL U: 

stable pulsc-to-pulse to about 1 nm. 

Since vibration of the final doublet is the most serous problem, it i.icmi sidled 

in Mime detail in Kef, 25. In this paper, it is shown that p ^ i v e i-ihralion isolation 

ucems to be more than adequate to handle tin* vibration* above 10 \\t at \\m high 

frequency end. For low frequencies, an intirrfcromeLric iWdbiuk system can b«-

used to control motion to about 1 JIIH. Beam »ii-* ring, feedback ran then be used 

to control slaw variations in the 1 uin to 1 pm region. 

C.2 B E A M - B E A U EFFECTS 

When a small bunch of electrons cullidea with a small bunch of picilrons, 

the fields of one bunch focus the other causing disruption. Since the opposing 

particles are strongly bent, they also emit radiation called ueamatrahhuig. These 

air the two basic beam-beam effects. The disruption enhances lht> luminosity 

by airaall amount while the beamstrahlung causes »igni fit tint energy loss during 

collision and increases the effective inomenium spread for physics. These issues 

are discussed in more detail in Kef, 23. 

In addition, there are several other important efforts wlikh •thould In? turn* 

tioned here. If the beams ue offset relative to each other, a kink notability 

develop*. This effect actually causes the luminosity to U? less sensitive to olfcels 

because the beams attract each other and collide anyway when the disruption is 

not loo severe. There is also a imiHibuncb kink instability which is more M.-riou& 

since it can cause the trailing bunches to miss each other entirely. This places 

restrictions oo the product of the vertical and horizontal disruption per bunrh. 

The final section of Ref. 23 is an addendum added after the SLAC Woik&hop 

in Dec- 1988. As mentioned earlier io the Introduction, it was discovered that 

the bcamstribluDg photons pair-produce in the coherent field of tin? biiiith. 

The corresponding incoherent process has been known for MJIIR- time, Iml its 



iiiipoitniinf h.is only just been realized." The pfidlctii i« that low energy e + * " 

pairs are pictd-ueil in .in extremely strong field whirl, then deflects tlie charge of 

lb.' appropriate j»ign while confining (tic other. This leads to Urge angular kicfc.% 

w inriltioiit-d earlier in Section 2, 

These stray pailh Irs ran lead lo more background problems, whicfi must be 

jisldrcsKed \ty fnr< brr itiierarlion point design. Iti Uct. 5, it H suggested -l|{*t crab-

r rowing roii.bH~.<*d nil!) large crowing angles ami solenoidal fields would allow one 

lodinniicl these rlerlrnns oul llitotifill a large exit Imln to A beam dump, Fu.ll.i-r 

stmhW of this option have fudirafrd lliat crossing, angles in |ft> '.'JTge 30-iOO mrad 

would !«• nrces-nry lo avoid particle impact in the detector. 

The measurement of the final -.pot size iji an extremely impor'anl, but as yet 

unlived, problem, From SLC cxirerjri.ee, il is probably possible to use !w*m-

bcaut eflVcls to uumiutfe spot size*. However, for tlie tuttiavl lonc-up of the final 

fi«-iifl, a single-beam method is almost essential. There was some initial work 

done at the workshop in June 1988 in Capri, Italy which was alw reported r i the 

SLAC workshop.' In addition, preliminary lreullj were presented al the SLAC 

workshop on the use of beamslrA.ihmg from an ionised gas jet. Recently, there 

have Ikeen Indies on lit* detect ion of the ions from a gas jet after beam passage. 

7. MULTIDUNCH EFFECTS 

As mentioned earlier, in order to efficiently extract energy from the RF to 

obtain high luminosity, it h e,<!?nt.al to liave many bunches per RF fill. This, 

however, leads to transverse beam breakup. The invention of damped structures 

discussed in Srrtinn 5-1 helps but dues not twmplclely »K't the pfobtem for the 

linae. It h also necessary to tunc the frequency of the first dipote mode of the 

accelerating slfuetiiTe. fn Rcf, 3G the problem of rnultib'jnchingi- traced ail the 

way through the linear collider subsystem by fubsystern. Damped accelerating 

cavities are required fur tlir main linac and the damping rings, while other systems 

ran get by with very strong focusing. Thus, from the transverse point of view, 

Liability wenis possible. 

In addition,, ii is necessary to contra! the energy spread from bunch to bunch 

very precisely {AEJfC & 10"*)- ThiscanlM-Jwromplishcdbyitijcclingthcbunchr^ 

before the UF structure is full to match the r e a c t i o n of energy by the bunches to 

the incoming energy as the structure fills. This leads to tight tolerances on phase 

and amplitude of the flF, as well as fight control of (he pulse-to-pulsr number o{ 

particles in * batch of bunches. However, the benefits of inutlilmnching seem to 

fax outweigh any difficulties they impose due lo the order nf magnitude increase 

in luminosity, 

8. OUTLOOK 

During the past few year*, there has been tremendous progress towards a next 

generation linear collider. We now have a uiuch clearer picture of how to obtain 

both the energy and luminosity required. An important development this past 

year was the increased interest in an ILC, that is, a linear collider with (1.5 TrV 

in lite CM which would be upgradable to 1.0 TeV with additional power sources 

or length. We will probably ace tire development of a power source and struct ure 

during the next couple of yean. This would yield the energy of the collider; what 

about the luminosity? 

Despgrc of damping rings, bunch compressors and focus systems will con

tinue. Studies of BPfS damping in Ihe linac arid emittance dilution will continue 

both experimentally with the Sl.C and theoretically for the neit generation high 

frequency linac- However, to really understand tolerances, new measurement tech

niques, ard final focus optics, it is probably essential to build a scale model final 

focus at SLC energy. Tilis is being planned at SI.AC (Final Focus Test Beam) 

and ia being supported as a collaborative effort of SLAC, INP, KFK, and Orsay. 

One ley aspect of all linear collider design is background control. With the 

discovery of the swarm of e + « ~ pairs produced at the interaction point, there now 

needs' to be detailed study of interaction point design lo control backgrounds. 

This effort is underway al SLAC and KEK. 

http://cxirerjri.ee


To mnrJude, it Jocks like v/n ATC OJI the path lowtrth s next generation linear 

collider and with proper funding of It&l) over the next few years wc may sec a 

detailed conrcpLual design in llie early 1990V 
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Madron Colliders Beyond Ihe SSC 

Maury Tigncr 

Cornell University 

Abstract 

Extension of the storage ring collider technique lo energies beyond 
the SSC is examined briefly and an example at vs~- 400 TeV given. 
At yet higher energies it is shown that the storage ring approach 
fails tor power efficiency reasons and other approaches are needed. 
An approach with optimum efficiency is suggested and it is pointed 
out thai the average power handling capability of detectors for the 
reaction products passing through will need to be in the megawatt 
region even at 400 TeV. rising as the cube of the beam energy. 

Introduction 

In hadron colliders the reaction rate, dn/dt is given by 

dn/dl = Lt (1) 

where £ is the total cross section and is largely inelastic at energies 
of interest today. Since the primary behavior of the interesting cross 
section will have an s _ 1 dependence Ihen, to be useful, L must be 
engineered to increase in proportion to s which we will adopt as our 
basic rule for extension of colliders to higher energies. Trie biggest 
part of £ rises rather slowly 1 in 'he energy domain known to us. 

From relation (1) we get directly the power radiated from the 
reaction zone in reaciion products 

PR = VTt E . (2) 

When this is the dominant means by which the beam energies are 
dissipated, then the storage ring collider technique is a good one and 
Ihe overall efficiency of Ihe facility is governed by the mechanical 
and electrical efficiency of the accelerator apparatus. 

© M . Tixncr 19S9 
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To work out the energetics of an actual si or age ring example there 
are three oiher basic relations needed. In what follows we shall 
assume, without much loss of generality, (hat the luminosity 
generating collisions arc of circularly cylindrical Gaussian beams cf 
equal and opposite energy colliding head-on with equal intensities. 
MKS units will be used unless 'noted specifically, 

N B = number or particles per bunch 
S B = bunch separation along the beam line 
C/SB, = bunch hitting frequency 
0 = rms bunch radius at the collision point 

In a storage ring environment this geometrical relation is constrained 
by the need to limit the self-focusing (defoc using) or the beams as 
1 hey interpenetrate at the collision point. The strength of this 
focusing is characterized by a dimensionless "beam-beam tune 
spread" 2 

k ~ ^ ^ (4) 

r p = 1.5 x 10-18 m 

|3« = Betatron focusing strength parameter at the crossing, 1/2 -1 m 
typically in a proton collider 

y = Lorentz factor for beam panicles in lab. frame. 

Relations (3) and (4) can be combined to give a formula for the 
proton beam current required to give the desired luminosity 

(5) 

In addition we need to incorporate the fact that each proton loses an 
energy U, each time it circuits the ring 3 

U[TeV/rev] = 7.8x10-12 E 4 lTeV 4 l( R[kml, (6) 

With these relations we can compute the total beam energy 
dissipation rate due to synchrotron radiation 

PT = 2 I U a E 6/R- (7) 

Esampis 

As an illustration of these relations we imagine a machine with 10 
limes Ihe SSC beam energy, i.e. 200TeV per beam. By our extension 
sole the luminosity must increase by 100 times lo lxlO^in-^s-l. In 
addition, for easy comparison, we will assume that before the 
machine is built superconducting magnet technology will improve to 
the point where Ihe ring radius can remain the same as SSC, i.e. 10 
km. Utilizing the above formulae 

U= 7.gxlf> i 2 x200 4 / IO = l.2xlO-'TeV/rev or 

O/E- 0110-5J so % -10-Z and 

, 1.5x10 1»xl .6xlO»xlOWx0.5 „ „ „ , 
1 " 2 .1x lO'x l02 = 0 0 5 7 A 

FT = Zx.057xl.2xlO-3xlO'Z = 140 MW 

which is indeed very large but perhaps not impossibly to. In an 
optimized design we might hope to achieve a total facility power of 
200 MW. This is lo be compared with the beam power dissipated in 
the physics reactions themselves 

PR= 2x2O0xl0l2xl.6xiO'»xlO3'x1SOxl0" - t MW. 

From this one may draw two conclusions. First, as this power is less 
ihan \% of the power dissipated in synchrotron radiation, the storage 
ring technique is beginning to fail at energies of 10 limes that of SSC. 
From relation (7) we see that at higher energies the storage ring 
method is totally out of the question. Second, we see lhat any 
technique with an overall "wall plug" efficiency of greater than 1/2% 
would be competitive already at VT = 400TeV. 

Another interesting property of this example is the number of 
physics events per beam bunch crossing, a number that is fixed4 by 
the choice lo minimize I and thus P Y 



<n> = L l & ( 8 ) 

- 1 O 3 9 X I 5 O * I D - 3 ' X 2 6 5 / 3 X 1 0 8 =1(H-

Note that <n>sSX " 1 . Event reconstruction at energies beyond the SSC 
will be a significant challenge. 

Oihcr Apptooches 

The high synchrotron radiation dissipation rate of the storage ring 
can be avoided by adopting a linear accelerator approach much as is 
being discussed for electrons. We will thus not consider it further 
here other than to observe that a linear proton collider will be at an 
economic disadvantage by comparison with a linear electron collider 
because the prolan beam energy must be at least 10 times that of 
the electron machine to provide the same elementary interaction 
energies. 

In the storage ring method, the beam bunches interpenetrate 
cyclically for long enough to dissipate a significant part of the beam 
stored energy as wanted reaction products, normally a time of hours, 
unless, of course, synchrotron radiation intervenes to rob the energy 
as in our example. At the opposite extreme we might imagine 
engineering a situation in which the entire beam bunch energy is 
dissipated in reaction products each bunch interpenetration. Assume 
that we can confine the colliding beams into Gaussian circular 
cylinders of rms radius o, N B protons per bunch. The condition that 
all the particles interact with the oncoming bunch particles is 
approximately 

If we assume that at Vs = 400 TeV and that we have a means for 
mating o = l A then we would have 

N B M K X I O 2»/lj0x 10-31 = 8.4x109 

events per collision. By hypothesis, at this energy the needed event 
rate is £.-£= I . 5 x l 0 , n 5 - ' . Thus the bunch hilling rate needed to 
achieve the desired overall rate would be 

LY. 
F ^ j — = 2 I I z . (10 ) 

For scale setting, note that if we could space the protons one beam 
diameter apart along the line of collision, i.e. 2A, the bunch length 
would be LB=NB-dl=l.6m. Thus the collision zone would be about 2 
meters long and emit about 10'° events in bursts of a few nano
seconds once or twice per second. Remember this represents an 
energy flux of I M W at Vs - -lOOTeV. The length of the inier-
penetration zone could be made longer, of course, by spacing the 
protons farther apart. 

A technical means for carrying out the confinement conjectured 
above has been developing for more than 20 years and is called 
channeling in crystals.'-6-? In near perfect crystals there are certain 
directions, e.g. <1 I0> in Si of Ge along which surrounding rows of ions 
form a strong potential minimum for positive particles thus acting as 
a strong lens for particles directed along these axes at sufficiently 
small angles characterized by a critical angle. While there are no 
ions in the channel, there are electrons which multiply scatter the 
channeled protons eventually driving them out of the channel. A 
characteristic "dechanneling length" 8 is proportional to momentum of 
the protons and is about one meter per TeV for protons in Si or Gc as 
measured at CERN and Fermilab. Thus, in our example we could have 
a 200 meter long interaction zone as the entering particles have 
200TeV energy. The possible advantage of such a long zone would 
be to cut down the event density. 

Accelerator Mechanisms 

To take advantage of this potentially high efficiency scheme some 
relatively high efficiency acceleration mechanism must be found 
which is economical and capable of delivering beams of 
unprecedented brightness. The invariant admittance9 of a single 
channel in Ge is about 3xl0- | 3 mctef whereas the emiltance of beams 
from high energy accelerators are presently 10 ' 6 io lO- 7 ai best. One 
can easily imagine a source of the necessary brightness in which a 
crystal channel is used to Filter a low energy beam. The challenge 



will he to accelerate that beam to high energy without cmillance 
dilution. 

Following ilic concept of completely absorbing, single pass collisions 
in a channel we can envision accelerating the beams in an external 
accelerator and introducing them into the confinement channel upon 
extraction from the accelerators. One example would be a pair of 
synchrotrons with counter rotating beams which are extracted at the 
simultaneous cycle peaks and directed into the confining crystal from 
opposite directions with optical matching systems designed for this 
purpose. This need not suffer the same energy dissipation due to 
synchrotron radiation that Ihe storage ring does because the beam 
current is smaller and the duty factor, or lime the beam spends at 
maximum energy is small. 

Another possibility would be to accelerate the protons directly in the 
channel. This lias been suggested by several authors and studied 
recently. I n<l ( In the first reference it is suggested thai a certain 
plasma wave mode be excited in the channeling crystal by an 
electromagnetic wave incident, thus providing the needed 
accelerating Field for the protons. This method exploit! th. high 
inherent charge density in a crystal. The second reference exploits 
the periodic nature of the crystal lattice to support a "slow wave" at 
x-ray frequencies which is Ihe s-ray dialog of today's microwave 
linear accelerators which utilize periodically loaded waveguides. The 
technical difficulties lo be overcome are perhaps best characterized 
by Ihe dechanneling length, I meter per TeV. If the accelerating 
gradient doesn't exceed I TeV per meter the particles being 
accelerated will be dccltanncled before reaching full energy and 
thereby lost. Today's accelerators achieve IQ'Vfm at best, a 
shortfall of I0 4 . Another way of saying it is that Ihe needed power 
sources, which in Ihe channeling accelerator case are in the ultra
violet and x-ray regimes, do not exist now. Further, the mode 
conversion efficiencies of the accelerating modes so far envisioned 
are very low meaning that overall efficiency would be low and thai 
the needed excitation energy densities may exceed Ihe damage 
threshold of the crystals.1 2 Nevertheless ttiae basic idea has enough 
attractions that it deserves further study. 

Summary 

At this time there is no clear path to practical accelerators beyond 
SSC. It could well be that an improvement in current methods-

storage rings- will make one more step possible. There is, however. 
a great ferment of ideas only a few of which have been touched on 
here. Il is hoped that the perspective given here will spawn a new 
idea or combination of ideas now circulating which will lead to a 
practical result. 

In closing let us recall Ihe basic challenge that we face. Rewriting 
relation (2) in terms of beam energy we have 

pR a E3. 

Thus at 10 x SSC energies, 1 MW is radiated from the ir zone in 
charged and neutral particles in contrast to the mere I kW at SSC 
energy. At 100 x SSC, PR> I GW. The challenge of extracting a useful 
signal from this background seems at least equal lo producing the 
reactions in the first place. 
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Recent Results on Weak Decays of Charmed Mesons 
from the Markl l l Experiment 

by Thomas £. Drowdcr 
Stanford Linear A«*Jerai.ur Center, Stanford, CA, Di3D& 

Cornell University, Ithaca, New York, 14853 

invited Talk M the SLAC Topical Conference, July 19-21, 1089 

Recent results from the Mai kill experiment uii weak decays of cliaritit-d 

incsoiis -tie presented. Measurements of the resonant substructure of D° - • 

A * ~ r + * - T + decays, the fust model independent result OJJ D, -* <(nr+

t as wtll 

as limit* on Da —• ijjr+ and Dt —t TJ x+ aie described. The implications of these 

new results are also discussed. 

i 

* Work supported tj Dcpvlmeat of Energy Ccntrnt VE-AGC3-76SF0QUS 
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Resonant Substructure in D - • h'rwit Decays 

A number of W —* f1/* and D -* P\ decays'' hive no* been .ncasurcd 

and can lie pal is factor Uy explained in two pi.nemcnologieal models. So far 

these models Jmvc not been tested for llic ease of D ~* VV decays, Using the 

drray mode /?° -* A'^*+?r~jr"* the branching ratio for I)° -* K*°pfl can be 

determined. In addition to the possibility of measuring the V V components, it 

is also important to m emu re tbc resonant subcomponents of D -* Krxx decay? 

since these deraya comprise a significant fraction of the total D width |35% of tbc 

/;" width md 20% of the D+ width], 

UninG the data sample [9.3 pb^) collected at flie ^"(3.77) in 1982-1984, a. 

complete resonant substructure analysis has been carried out for the decay modes 

tfD -+ K-w+*-x* and D* -n tf»T-x+*+ by the MarlclII group!* A lwfe clean 

signal for tbc all charged mode is shown itl the recoil n iut plat of Figure 1(a). 

The fitted signal contains 1281 ±15 events1. An equally clean signal, with 184±21 

events, for D+ —• A"Dir+jr~jr+ is shown in Figure 1(b). 

An event by event maximum likelihood fit to the full five dimensional ph&x 

apace defined by the four momenta of the D decay products is performed in order to 

determine Che resonant, content of tftedetay mode. A set of part rat wave* which de

scribe tbc resonant substructure of the devay is chosen. Tbc preferred fit includes 

contributions from D* -* A - * * * " * 4 in a nouresonant slate, D° -» J(**ir~is+

1 

D° - K-p°r-+. 0° -> A'-a+(1260), D° - #1(1370)-*+, & -* #1(1400)- ,+, 

and D° -* A 7 5 ^ 0 . Tbc Z>° -* K*V° term contains two independent components 

in which either both vector mesons ore polarized parallel or both vector mesons 

are polarized perpendicular to the direction of flight of the D* meson. 

The amplitude for each of the above processes is expressed in terms of two 

body masses using the Lorcntr im-iriant amplitude formalism or in terms of he-

Jtcity angtcs using the hclicity formalism. The amplitudes axe symmetrized with 

respect to the labels of identical pions- The amplitudes so obtained are then 

multiplied by rclaiivistic Breit Wigners and modulated by form factors. All the 

amplitudes are fully interfering. A Monte Carlo integration technique « used to 

* * « * • * • - Hc»LJ Hsu 

Fifttt* 1. Recoil m m distribution for <aj D ° — # - * + « - # + and (bl 
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lake accr.mil of Llie dcpendi-nce mi delcctor acceptance and avoid the problem of 

uaraiiiclcruiijg the acceptance in the five dimensional phase space. 

T h e sidebands in recoil mass l i e used to determine Hie background likelihood 

fuucliun. The likelihood function allows for nonresoiiant, £ • " , p", and K - f y 1 

components in the background. Tlicsc components are nonintcrfcring. 

The possibility that tlie chuicc of airmliLudcs may introduce some mode) 

dependence is one of the difficult issues that must be addressed in this analy

sis, A large number of decay modes could potentially contribute to Hie JJfi - , 

r V _ * + i i ~ » + 1n»l a l « l c - ' l i» not practical to perforin a fit that simultaneously 

includes all the possibilities. Instead, a largo number of fits with different combi

nations of amplitudes were performed. Those fits which yielded a good likelihood 

Wire retained for further consideration. Fits which were physically implausible 

were discarded. The final set of fits give sirniliar results for the quasi two-body 

amplitudes and for Hie four-body nonroonj j i l amplitude. T h e fits did not yield 

definitive rcsulls on which quasi three-body partial waves contribute. The range 

of variation among the final set of fits is used to estimate the systematic error!' 1 

Since the a , is very broad, it is often difficult to distinguish i t from non-

resonant A - The uolarbHio, , „f &> _ £ - „ , [ p _ p ^J ] a d > ^ M g u U r 

distribution, which are distinctive. However, & - . A ' - « i cannot be separated 

from tlic reaction Vs - . A " V » * where the p' and T* are fn relative s wave 

on the basis of angular information. T h r three pion n?a» distributions for these 

two possibilities are, however, significantly different; the 0 * - . K~a, amplitude 

peaks about 100 McV above the nonrcsonanl amplitude. Fits in which the A'a, 

amplitude was replaced by the three-body amplitude resulted in a significantly 

smaller likelihood, with a difference in ln(L) of at least 12. Therefore i t is assumed 

Dial this particular three-body amplitude does not contribute to the final slates 

discussed here. 

Projections of the five dimensional likelihood function for various submasies 

are shown in Figure 2. A large /V• contribution is evident in Figure 2(») . Simil-

iarly, p production is evident in Figure 2(b) . The enhancement at low K~*- mass 

in Figure 2(c) isduc to the iHilariMiioi, of t h e o i . Evidence for Lfl - > r V , ( l 2 7 0 ) t * 

Ot 03 } 1.2 1.4 

ao 

tS •» 
(c) 

" OS OS 1 12 14 
, « . • ) , u.„ (o«v) 

100 fl 
i ao 
a A w 
3 so p w /x w OB 0 * 1 t-2 1.4 

X~w~ «•»* (C*V) 

> « / W n ( g > 

O /^i ^ 40 
S 
.5 » J. \ da I 13 1.4 10 IB 

«'(«*•'Ju ! ( . . * (CeVJ K"(t*n"JM M m «*X\ 
Figure 2- Prcjrtlki** of (be lilelifcood fnaction for *0* — A ' " * * ! * * ' . The aoiid line*, ttpte-
toliBt the project*** ofifce likelihood fuctioa, are mperimpOHd on hhiopuru of the tvtnti 
la the aifaal i ( ( k« - Tfce » + r " combiauioa with ike kicker m w it referred to «a ( n * * - ) ] , . , 
tad ike K~w* tombimUk* brmed with JJV »+ H C aied ia <»** ->« M refer-at to «j { J Y - . T + ) I . 
Tfc* defcit M t i 3 G*V im the (*x * " k * nasi plot i i t J K l Q t k rejection of W*T' cofnbinalkriw 
wkitk have a kifb ptottbility tfoaputugfron. a K, decay. 
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is visible in Figure ?(p). In all tin* prcijrrtions (lie fit is in good ngreeiiinil with 

tlif dalh. 

Table I I V ililhiary results for IP-K'T - » + « - * > 

Allllllilllde Fraction rivMA ntatirlrinR Ratio 
-l-Hody Nourcsonanl 
A'°yin Longiludinal 
K*°pn Transverse 

K-a,f.l2Wl) 
ft'l(l2rO)"JT+ 

K I ( | . 1 0 0 ) T » 

A' >"'«•• 

-2.13 ± ,020 ± .10 -1.01 ± OS .021 ± .003 ± .000 -l-Hody Nourcsonanl 
A'°yin Longiludinal 
K*°pn Transverse 

K-a,f.l2Wl) 
ft'l(l2rO)"JT+ 

K I ( | . 1 0 0 ) T » 

A' >"'«•• 

.014 ± .009 ± .01 -2.GI ± .28 Sum of L and T: 
.023 i .003 ± .007 

-l-Hody Nourcsonanl 
A'°yin Longiludinal 
K*°pn Transverse 

K-a,f.l2Wl) 
ft'l(l2rO)"JT+ 

K I ( | . 1 0 0 ) T » 

A' >"'«•• 

.152 ± .021 ± .05 -1.22 ± . 1 1 
Sum of L and T: 

.023 i .003 ± .007 

-l-Hody Nourcsonanl 
A'°yin Longiludinal 
K*°pn Transverse 

K-a,f.l2Wl) 
ft'l(l2rO)"JT+ 

K I ( | . 1 0 0 ) T » 

A' >"'«•• 

.412 ± .021 ± .10 .0 .080 ± .008 ± .019 

-l-Hody Nourcsonanl 
A'°yin Longiludinal 
K*°pn Transverse 

K-a,f.l2Wl) 
ft'l(l2rO)"JT+ 

K I ( | . 1 0 0 ) T » 

A' >"'«•• 

.113 ± .028 ± .01 .44 ± .19 .031 ± ,008 ±.011 

-l-Hody Nourcsonanl 
A'°yin Longiludinal 
K*°pn Transverse 

K-a,f.l2Wl) 
ft'l(l2rO)"JT+ 

K I ( | . 1 0 0 ) T » 

A' >"'«•• 

.011 ± .009 ± .03 .71 ± .13 < .012 

-l-Hody Nourcsonanl 
A'°yin Longiludinal 
K*°pn Transverse 

K-a,f.l2Wl) 
ft'l(l2rO)"JT+ 

K I ( | . 1 0 0 ) T » 

A' >"'«•• 
.Ml ± .018 ± .at -3.31 ± .1! .012 ± .003 ± .005 

-l-Hody Nourcsonanl 
A'°yin Longiludinal 
K*°pn Transverse 

K-a,f.l2Wl) 
ft'l(l2rO)"JT+ 

K I ( | . 1 0 0 ) T » 

A' >"'«•• 0S8 ± .023 ± .01 -.02 i .00 .008 ± .002 ± .001 

The results of the fit arc shown in Tabic I. A few qualitative features should 

be noted. There is a very large If - . A"-<i](1200) [D — P A] contribution to 

Ibis final state, consistent mill the theoretical expectation from the DSW model 

|5.0K|. There is also a rAlher small D" - . T^p" \U — V V] contribution, 

which is completely polarized transverse to the D" flight direction. There is some 

evidence for the final slate />" — A' | (12i0)-» + \D — A P\. The foul-body 

jionrcsonaul contribution is also significant. In addition, tbrrc is a contribution 

from D" -« A'""*-"!* where the K">*+ system is in an axial vector state as writ as 

W° - • K~(?i* where the A"(i° system is an axial vector state. It is not possible 

to determine whether the above three body amplitudes arc due to quasi two-body 

decays of broad resonances e.g. D" - . A'-j-(1300) + or P° — A"(1460)-|r+. 

An analysis for the mode D* — A ' ° T - * + W - has been carried out using 

the same (crlininuc. The results of the fit are shown in Tabic II. There is a large 

contribution from the axial-vector pscudoscalar mode D* -> A"Doi(1260)+. There 

is also some evidence for i ) 4 -* A",(M0O)a-+ [D - . A P}. There is no possible 

veclor-vector mode that can contribute to this final stale. 

Itesonant substructure analyses or the modes D" - t A'~»-+ i °x° , D* - • 

A'"» + r***, and If — K°T-X+X° channels will also be attempted in the near 

Table II Hesnlts for D* -> «»*•-«•-*•+ 

Amplitude Fraction Phase branching Halio 

4-Body Nonreionant 
rV°o,(12fi0)+ 

. lot ± -012 ± .10 1.37 ± .17 .012 ± .001 ± .007 4-Body Nonreionant 
rV°o,(12fi0)+ .012 ± .0ri3 ± .Ifl .0 .081 ± .020 ± .027 

A,(1270)» 4 .010 i .013 i .02] 1,30 ± .90 <.01J 
A - J ( I 4 D 0 ) I + .163 ± .018 ± .08j .21 ±.2G .02) ± .009 ± .013 

future. If the rales and phases for D* - A ' ' V \ P 1 -* AT—p+,awl P* -* A**V 

can be measured with xufltrirnt arm racy, then the iAospin sum rule 

j/2A{tP - ft'V) = MP* -* A"*V) - MD" - A" V ) 

can btr used to determine whethrr final state in Inactions play a sif/iifie.Mit rolr 

in these decays- If the above sun* rule cannot be satisfied *"ith relatively real 

amplitude, then final stale interaction* aic requited. Examination of the other 

final states will nlao provide good consistency checks of the resonant substructure 

analysis since quasi two-body reactions can give rise to several distinct final stales 

e.g. IP -* tf*°? -* A " - x + * - * + or K V I - T * . 

In addition to mfUUrementj of the absolute talcs of D -* V V decays, it is 

also passible lofncasurcangulu correlations between tlie two vectors in D ~*V V 

decays. This is useful for testing the factorization by pot lies is!*1 IT the two vectors 

are both polarized perpendicular to the /^direction, one expects lh«l theangular 

dependence of the amplitude will nave the form AT « coa(^)sinifi sin $2 whew 

^ is the angle between the decay planes of the two vector mesons, ami Pi, ffj 

are tfic helkity angles of the p and A'* mesons, respectively. If the polarization is 

longitudinal, Ai oc cos if 1 cos 07- If factorization is a ralidauumplion. longitudinal 

polarization is expected to be dominant. The analysis by the Mark III group, 

however, indicates thai If -* tf'V js transversely polarized. The observed 

angular correlation for Z?° - • A'"V* events is indicated in Figure 3. 

Several recent observations appear to indicate that many of the VV decay 

rates are smalto than expected. For instance, the measured rate foe W° -* K*°p 

(2.3±0.3±0.796) from MarktII is almost three times smaller than the throrelical 
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the sign of this amplitude reverses from ^ = 0 to ^ = *, there is more constructive 
interference near 4> — T~ 

3 

expectation (6.1%). The brandling ratio for the decay D, -» 0ff +Ji a, whifh is 

expected to include a large $p* contribution, is 2.\ x Br(I>j - t £ J T + ) S nearly a 

factor of three smaller than the prediction {G.3 x Br(D» —* ^JT) j. Similiarly, even 

if the decay I)* -* A'-jr+jr + jr0 is saturated by D* ^ Tif-V 4, llie observed rale1" 

[3.7 ± 0.8 ± 0.8% fBriK* -> £ - * + ) ) is still significantly lover than the HSIV 

prediction!'- l$%\. These intriguing discrepancies may indicate the breakdown of 

the factorization AnSAtZ in decays with little energy release.1"' If the same models 

are used to extract information about the weak interaction in It decays, it is 

necessary to understand why these phcjioinciiolugicaJ models fail in the c;eje of 

D — VV. 

The Absolute Branching Fraction li[D3 — d*+) 

All Da decay measurements are normalized to B[Da -* (5JT+). In addition, to 
extract B{B -* £>jA'i) from a measurement of B — DAX, -* tf.T A", for a final 
slate X, requires knowledge of the absolute branching fraction B{D* —* #*•* )!'J 

There are three methods that can be used to extract the absolute branching 

fraction. For the majority of published results, one uses the measured quantity 
aD, x Br[DM -* <5ir+) for XJJ. > cut where x/j, = p{DM)fpm*x- The measured /J, 

yield is extrapolated to all xy4 using a model fur the D„ fragmentation function. 

A theoretical value of a&9 is then calculated and the absolute brandling fraction h 

determined. The theoretical value of rf/j, depends on the probability of popping an 

33 quark pair from the vacuum and is sensitive to the details of D, hadronidation. 

The resutts obtained using this mclbod range from 1,7% lo •l.J%.|,B * ] 

A second method based on charm counting has been used recently as well. 

From the measured value of H in the continuum above the resonance region, the 

total charm cross section b inferred from the quark charges. The total charm 

CTOSS section can then be decomposed into the following components: 

' d u n = &&> + "D* + aDt + <M« + 0"olh«» buyotb 

If the fast term on the right-hand side can be absorbed into the other terms, then 



I'll'* itvSH ht'<-i.ion aip i* obtained by dividing tlip observed quantity affv X 

I!r(I)n - / , ) by the aholnte brani-tuml frarlion / ( r ( /> B — / , ) from Marklll. 

' IV final stairs / , — rY~* + and lv'"ir+i:~* f ore wwd. The cross section ffj>» 

is ohtaim-d in a si miliar way usinc, the final sUtr /J*" -* A'~jr +jr 4. The cross 

section tt.s, is determined from tlir ntrajnired A,- yiHd .iiid the branching fraction 

fur A r -* ;)/i"~ff + . The Â  braiir-hing fraction <* in turn determined cither from 

the measured U -* proton X Kite or from thr Marklf continuum rncuuttment. 

Using these cross seel ions* the absolule brnnrliitrg, fraction is determined by the 

ChV.O collaboration In W 2 ± 1%!'" This result i* Fcpsilivc to the A c branching 

fr.-ictmu and ,issuntpLini>s about charmed haryon production. 

The third method, which is used by the MnrklH experiment, employs the 

reaction r + r~ -* Dfl)'^ decays where the full final state is completely recon-

stJiictrd. This method was surrrsshilly used to extract absolute /J° and D + 

Iwaurfaing fracliojis Uvtti lint dal j sample co)Uxlnl at the ^•(3.77)" resonance.1"' 

The principle and advantages of this double tagging technique method arc 
easy to understand. The number o! double tags with P* -* fi opposite D, -+ $K 
will he given by 

The number of singly lagged 0t -+ fi events will he given by 

<r».tn L B(D, - ft) tr4r 

Therefore 

This result is manifestly model independent. Clearly, the above derivation can 

easily be extended to any duuMy tagged decay mode* \fi versus fj) provided 

the branching ratio? of B(D> — f,) and B(D, -* f,) are known relative to 

The Marhlll analysis" is performed using the data sample [fi.3 pb '] col

lected in IftSti at v/s = 4.14 GeV. Candidates for the reaction e+r" — DfO'^, 

l)f -» AT IK~ ""• 1-^Vi "7 — • fi a ' e selected using a six constraint kine

matic fit. Energy momentum conservation for tlie exclusive final state leads 

to four can.f I ratals The additional two constraints are drw to the equal m«ra 

rcnniicTnent TIIJA) = ™lJj) = m t j 1 0 *'p- *be two J), candidates must have 

equal but unspecified massi-s. Candidates for the decay modes I)» -* ^T"*, 

0 . -* 7^n'+, D, — Ti»K+. Da -» /it(975)jr+ , Z>, - * r + » V , J?. -* ^ n 4 * 0 , 

and 7?f —§ i\*°Ji*+ are considered. There are a total or28 possible final states, 

A jignal region which contains 95% of the signal event* is determined for 

eiteh of the combinations on the basis of Moulc Carlo simulation. The observed 

M(X) distribution is the unshaded histogram in Figure 4(a). The expected M(X) 

distribution u the histogram shown in Figure 4(b)- The arrows indicate the limits 

of the Rignal region for the combination of modes with the poorest resolution [±20 

MeV|. There are no candidate events inside the signal region. If B(t)M -* ^ » + | = 

1%, wc should observe three events in (he signal region. 

A likelihood function which depends on the DM — ^ r + branching ratio is 

used to obtain the upper limit. The likelihood function is integrated to obtain 

thfi 90% confidence level upper limit- After allowing for systematic error in Hie 

detection efficiency and Gaussian errors on the relative branching, fractions of the 
l»KRi"S modes, the upper limit B(D, -* #*+) < 4.1% at the 90% confidence lnvc-1 

is obtained!"1 

Search Tor Dt Decays to njr and tj'n* Final S ta tes 

If the absolute branching fraction 3 ( 0 , ~+ fa) ~ 2% then only 9 x D(P, -• 

$x) or 18% of all hadronic Da decays have been measured. The existing measurr 

ffiCnls of D, modes ate summarized in Tables lit and IV. tt has been suggested 

that D, —* rjx and Dw —* q'r could account for a large fraction of the missing 

DM modes. Two recent results from the MarfcJI1"1 and N A I 4 , W experiments ap

pear to confirm this suggestion. Clearly, it is important to provide a definitive 

experimental resolution of this issue. 
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Table 3. Brandling ratios uf D, modes with kauns relative to if>x 

Decay Mode Experiment Result or Limit 
D, - £ 5 t f * Marklll 0.92 ±0 .32 ±0.21) 

CLEO 0.99 ± 0.17 ±0.00 
D,->H^Ka CLEO 1.2 ±0.21 ±0.07 
D, -f T&x* Marklll < 0.21 at 90% CI. 

D.-."K^K+ E69I 0.87 ±0 ,13 ±0.05 
ARGUS 1.41 ±0.37 
Marklll 0.84 ±0.30 ±0.22 
CLEO 1.05 ±0.17 ±0.06 

D, - F°A" + NA32 2.3 ± 1 . 2 
D, - ^»+»° E691 2.4 ±1 .0 ±0 .5 

NAM < 2.6 at 90% CL 
!),-,[ K- A-+»+)w / t E691 0.25 ± .07 ± .05 

WA32 O.M-10.32 
£ , - . # » - » + * + E601 0.42 ± 0 1 3 ± . 0 7 

NA32 0.39 ±0.17 
Argiu(a) 1.11± 0.37 ±0.28 
Argiu(b) 0.41 ±0 .13 ±0.11 

D,-.(/Y-A-»«+»»)«j, E691 < 2.4 at 90% CI. 
D, -*(K-K+*-*+X*)„R E69I < .32 at 90% CL 

NA32 0.11 ±0.07 

Due to these surprising observations, there IIAJ been a great deal of theoretical 

interest ia these Da decay modes. The decay D, -* njr + is expected to proceed via 

a spectator diagram and should therefore he- cum parable* in rate to D, —» ^JT + . 

Predictions « e available from Dauer, Slccri and WirbelflfSW)/*1 Korncr and 

ScliuIcr(K5), l a l and Blot ajid Shifniaii(US)."" They find that D, -* T}*+/DM -

* r + should beO,75-1.05(DSW),1.35-1.89|KbJ,orl.I(IJS). The ratio of U(Dt -*-

*}*r+)f B[Da —» »?T +J is determined primarily by the SB quark content of the tj 

and *}' mesons, and by the amount cf available phase space. Since the r/ i* 

more massive tban n aiid has much Ursa ss quaik content, one expects naively: 

U[Dt -* rj'T*)/B(D, -* jfr+) < 1. For this ratio, CSW predict 0.5!) - 1.01, 

while KS predict 0.C2 - 1.00. Wok and Shifman find 0.0*). The range of the-



theoretical predictions in llir first tivo caws in due to (lie possible chnicrn or the 

JJ _ 7j' mixing angle (tlin two canonicnl choices arc Op = 11 or If) degrees). The 

diflcrenrr between the MSW and KS prediction* >f* due to the method used for 

determining the lindronk form factor"; H$\V ire relalivislic harmonic oscillator 

wave functions to calculate tlic meson overlaps while KS use SU(4J symmetry. 

Table A. Branching ratios of I}„ inodi-s without kanns relative to #TT 

Do'av Moilc Experiment Result or Limit 
0, - /.*+ K09I < 0.08 at 907o C.L. 

Argus < 0.22 at 90% C.L, 
/>, - / . (975)1+ liC9! 0.28 ± 0.1 ± .0J 

Marklll 0.58 ± 0.21 ± 0.2S 
» , -* i|» + IM9I < 1.5 at 90 % CL 

Markll 3.0 ± 1 . 1 
Marklll < 2.5 at 90% CL 

/>, - ,',* M.lrkll 4.8 ± 2 . 1 
NAM 6.9 ± •Z.4 ± 1.4 

MuMIl < 1.9 at 90% CL 
E691 < 1.7 at 90% CL 

D, - U-T + E691 < 0.5 at 90% CL 
E5G4 seen 

D, - {K-X+T+)KR ECfll 0.29 ± . 0 9 ± . 0 3 
U. - {r-*+x+x-TC+)yK ECfll < .29 at 90% CL 

[n addition to the predictions listed above, Kama! and Sinha have at-

tempted a coupled channel treatment with three rescattering modes but were also 

unable to reproduce the large rates rrported by Markll and other experiments. 

Moreover, they note that the large ratio D, —*• rfx*}D9 —• n * + ~ 2 cannot be 

accommodated within the standard rang* of n — n' mixing for cither a 10 or 19 

degree pseu dose alar mixing angle. They claim that neither decay mode can be 

significantly enhanced by annihilation diagrams or penguins. Th<? large rate for 

*7 modes, thry speculate, is due to the presence of the decay D§ —* glue T* or 

some other unconventional process. In contrast to Kamal and Sinha. LI- Chan 

concludes that the rates for Dt -* n f l ^ t / * 4 demonstrate that annihilation is 

large in Dw decays. 

In a complementary approach lifting SU(3) flavor symmetry constraints, 

Rosen1 derives the ii equality t)r{D, —* »*"*) < fl% given the canonical choir** 

0P = Vf (or BT[D, — v * + ) < 5.3% for 9, = !0 n ) . Hr also finds Hint llir* ratio 

BT{D* -* j*+)inriDt -» nff+) < 0-22(0.43) for 0p = 20" (10*), The large 

rates reported for tlic two reactions therefore indicate substantial SU(3) breaking 

clTcctg. 

The <tata sainplr collected at 4.H GeV is used for the Marklll analysis nf 

D, — TJH* and D, —• i/**"*". The barrel and endcap shower counters ate used 

to identity photon candidates. The Marklll shower counter lias a resolution 

o(E)/E = 18%/\/E. The shower counter efficiency is 100% for photons with en

ergies above 0.1 GeV. Both TOF and energy loss { dEfdi) information are used 

to identify charged pions. 

In trie analysis of the decay sequence D, —*• n i + , ij —• ir+jc -* 1 5, candidate 

*°*a are selected by performing a 1-C kinematic fit of all pairs of ^ candidates 

to the a 0 mass. Pairs for which the fit \ 2 <onfidcnce level ( C'L) is greater 

than 5% arc retained for further consideration. The lower momentum pi cms 

from the n decay must be identified as pion*. A 2-C kinematic fit to the hy

pothesis « + e~ -* T+w~r°x^D*r^r *° -+ 7 7 is then performed, using all combi

nations of three pion candidate tracks. The two constraints in the Tit are the 

n° mass and the mass of the unobserved D\*. After imposing the require

ments CL > 555 for the 2-C fit, E j t > 70 McV for the photons from the r°, 

and 534 < Af ( i r + » " « a ) < 56A McV, the n*+ mass spectrum, shown in Fig

ure 5(a) is obtained. The number of observed Ot -» JJX+ decays (IG.C ± G-l) 

is determined by filling the resulting mass spectrum. The signal shape ts de

termined from a Monte Carlo simulation. The background shape is determined 

from the * 4 r - - * 0 ** mass distribution obtained when M(* + * ~ JT°) is selected from 

the sideband region 0.5738 to 0.6038 GeV. After correcting for the detection effi

ciency (12,7%) and for the n -* z+*~w° branching ratio, this excess corresponds 
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to H( Dj -» »?JT+)/IJ( Dt -+ <!>** ) = 1.7 ± 0.7 ± 0.6 < 3.3 where the limits are cal

culated at the DOSfc confidence level. The estimate of the systematic error includes 

the? uncertainties in the background shape (18%), the detection el fluency (13%), 

And the integrated luminosity (7%). 

In the analysis of the decay sequence D, —» wjr+, w - • 77, candidate F/'S 

arc selected by performing a 1-0 kinematic fiL of all pairs of 77 candidate to 

the ff mass. Fairs for which CL > 20% are retained. No particle identification 

is used. A 2-C kinematic fiL to the hypothesis e+c~ —• i/s^UJ*, tf —* 77 is 

then performed. In order to reduce combinatorial background, mure stringent 

requirements are imposed than in the preceding analysis; CI. > 10% for the 2 (• 

m , Ej* > 0.5 GeVand E£ > 0.2 CcV. When the resulting >;r + mass distribution, 

shown in Figure 6(a) is filled, no evidence for a 75/ signal js found. The signal 

shape is determined from a Monte Carlo simulation. The background shape is a 

second order polynomial. No sideband region is available since the two photons 

were constrained to the 17 ma&f. The mull ing limit, obtained using a deled ion 

cflicieiicy of 23.6%^ a trigger efficiency of 9*2 ± •!%, the » -* ^7 branching ratio 

and allowing for systematic error (27%), is, U[DM -» r>»+) fl\{D, — $it+) < 

1.6 (90% QL,). The estimate of the systematic error included the uncertainties in 

the background shape (20%), the detection efficiency (lfi%j, the trigger efficiency 

(5%), ami lhv integrated luminosity {7%). 

The sensitivity of the two analyses is determined by the product of the detec

tion efficiency and n branching ratios as well as tin? background level*. In tliisca.se, 

the sensitivity of the two methods arc comparable, To combine the results from 

the two modes properly, a joint likelihood function which depends on the number 

or produced events is calculated. The joint likelihood function is integrated to de

termine Ihc 90% confidence level upper limit oil the number of produced events, 

N „ < 825- This yields: 

a-to[D$ - t » i r f ) < G G h b (905tC.L.) 

ll( /Jj —» fa) 

http://tliisca.se


" I * 1J 
Fitted ij n Man CeV 

Figure 6. Mass spectrum for ijjc+f n-*n «ndid»t« after 2C kinematic fit: 
(a)for data events (b)for Montt C*rlo events. 

-3; 

Tlie analysis presented here UJFS improved detector constants, fitting Uvh-

niqucs, and background simulation than was previously used l>y the MAHKII] in 

a preliminary Analysis of this channel I" 

Thr 17V* analysis uses the decay chain, I?, —f if'*4", 17' -* r/ff+jr~, 17 - • 77. 

Photon candidates are selected with a 1-C fit to thr IJ mass, requiring CL > 

10$S. The low momentum piorts frciri the 1/ decay are required to be identi

fied as pions, A 2-C kinematic fit to the hypothesis e + e~ —> ijT^w'n^P*^ , 

17 —- 77 is performed, where the masses of the 17 and the missing Df* are fixed. 

Alter impuAiiig the requirement E*1 > 0.ir> GcV, Cl.> 10% for the 2-C fit, and 

|m(i)3r+ir~) — my| < 0.015 GcV, the » ' * + mass spectrum, shown in Figure 7 is 

obtained. The distribution is filled using a background shape determined from 

sideband regions 0.922 to 0.937 and Q.S77 to 0.!>92 GcV. No excess of events is 

observed at the D, mass. The resulting limit, calculated using a detection clli 

ciency of tl.2%, the r/ —» TJT^JT+ and ij - • 77 branching ratios, and allowing for 

systematic error (36%) is 

The estimate of Ihe systematic error includes the uncertainties in the background 

shape (25%), in the detection efficiency (26%), and in the integrated luminosity 

(7.3%). 

The Mont* Carlo photon efficiency is calibrated i»«\£th« dctw J/vr' — r°*° 

The efficiency for photon detection in the 4.14 GeV data sample is checked using 

e*e~ -* b*TT events, which are abundant at this tenter-of-masa energy. A 

cleat 0° -> K'p* signal ia observed. The measured ratio, BID" - . K'p+) / 

B(C* - • K-«-+) = 2.5±0.4, is in good agreement with the value Z.2JJ\ from the 

Particle Data Group compilation.' 

The results on DM —* t/*+ are consistent *itb (he measurement B {/?.-* rfp) 

/ B(D, -* #» +) ~ 3 by Mark I I M and the limit B {D, -> oir+)/B(Z>, - . 

#T+) < 1.5 (90SS C.L.) set by E69I!"1 The n'i + limit is lower than the ratio 

B(K, — n'a)/B(Cj — *ir+) ~ 4.8 reported hy Mark ll™ as well as the ratio 
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l*U>- -* i*)I\*{t>, -» M = u . 9 ± 2 . 4 ± 1.4 reported by NAH'.The results from 

MARKIII suggest that Dt branching ratios to IJX and r/w may be jnur.li smaiTer 

tjia.ii earlier indications, in agreement with tlic aforementioned pheuumejioiYigi^al 

models of charm decay. 

S u m m a r y 

A resonant substructure analysis of the mode D° -* A'~jr+x~jr + has hern 

performed. A large contribution from the quasi two-body pseudoscalar axial vec

tor reaction D° —» H~<x\ is found, in good agreement with the prediction of the 

BSW model. The rate for D° —• K*°p° is also iricasnn;d and found to be smaller 

than the theoretical expectation. A similiar analysis of I)* —* K°r*7r~v+ hits 

also been carried out. A large contribution front the quasi two-body prongs 

D+ -* K i>aj(I2oD)' t is found in this final stale. 

Using fully reconstructed candidates for the riMrlion t + r " -* i ' ) , 1 / ^* , tin: 

model independent limit on the absolute branching fraction JJ(/>» - • ^ff +) < 1.1% 

is obtained. 

A search for the decay modes D, ~# »* and I), —* t/'tf* ii prrfonned. Uppi.T 

limits for both decay modes arc obtained. The branrhing rutins lot these dcrity 

modes are much smaller than (he brandling ration suggested liy earlier measure 

merits from the Itfarkll and NAI4' experiments. 

http://jnur.li
http://tjia.ii
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1. IutT'nhicticin 

In tins jmper we disrusn recent results from the CLEO experiment, which 

oiirrntrn nt the Cornell Elrrtroii Storage Ring (CE5R). Thr data sample used in 

the annh/Pfs described hrrr corresponds to 42fi pb ' ' oF e*t~ annihilation event* 

taken at an average cmtrr-of-masji enrrgy of 1(1.6 GeV. More specifically, data 

were gathered at three different energies: 212 pb" ( were gathered on Ihe T{AS) 

resonance, 102 pb" 1 were tsfcrn off-resonance (30 MeV below the T(45) peak), 

Mid 111 |)h~' were gathrred on tlic T(5S) resonance. The T(45) data contain 

some 480,000 ft (or /)) meson decays. 

Data from the T(,V») were lined in the cltarmed meson and baryon analyse* 

discussed hi section 5 or this report. The T(45) and ofTresonanee data acta 

are used in all the analyse* presented below. Ilrcause Ihe T(45) sits on a Urge 

nort resonant background, all ft meson decay analyses are performed on both tbe 

T[4S) icKnnance data and tfif ofT-resonancc data- The off-resonance data are 

then appropriately scaled and •uhtracted from the on-resonance data to remove 

the continuum backgrounds from the B meson decay data. This process will be 

reforcd to below as "continuum subtraction". 

The CLEO detector featured a 64-fajcr system of drift chambers in » 1 T 

magnetic field which provided a momentum resolution of {fpfp)1 = (0.23%j)' 4 

(0.7%)' (p in GcV/c). The central drift chamber3 of this s/slem had 6\ tracking 

layer* and providrd a dE/dx measurement resolution of" 6.5%. A lfMayer vertex 

detector wan placed inside the central drift chamber, and extended from 8-5 to 16 

cm in radius from thr beam interaction point. A third chamber, the inner vertex 

detector, was located i«sidc the 10 layer device, provided three additional layer* 

of tracking, and extended down to a radius of 5.5 cm. Energy measurements were 

provided by a lead-PWC, electromagnetic shower detector which was located out

side the magnet roil at a mean distance of 2.1 m from the beam interaction point 

and bad a photon energy resolution given by <TF,IE - 20% f^E {E in CeV). Alio 

oulsjde the magnet coil *eie time-of-flight counters and additional dE/di coun-

ters. Mlions were identified using special tracking chambers which surrounded1 the 

outside of the detector. The CLKO detector has now been completely disassem

bled, and a new detector, CI.EO II, hns replared it in the South interaction region 

of thr CESft storage ring. 

We present below a number rrf leaultn from this data set taken with the old 

CLEO detector. First, new measurement? of exclusive hadramr tl decay branching 

ratios are dUtussed together with new -values for the if* and B" masses- Second, 

we report measurements of exclusive semilrplonic B decays to charm* in particular 

the decays B° -» P* f l~i> and B' -* iflt'v. In the next section an excess of 

leptoni is found at the en it point of the moment mr -peel rum from semileptonic 

B meson decay. This constitutes «ridrnte for h ~* u transitions, and model 

dependent values for Ihe ratio of the KM matrix elements 11^1/1 l*cf| are given. In 

the next two sections we turn to the continuum production of charmed particles. 

Mew .,*mentsor 0 ° , D*«and A* branching ratios are given, together with mass 

measurement* of the charmed strange barjoniE* andHj!. And in the final section 

we discuss B decay* into baryons. 

2. Exclusive Hadronic B Der ys 

First *r prevent M » meaiitremeala or tbe n n n « of the B° and B ' mesors. 

In Ihe first step of lhi> analysis, a heavy meson (D** fD+

 tDp

1D*, or • ) signal is 

found, candidates within two standi id deviations of the known particle msss are 

•elected, and a kinematic fit using the known particle mass is performed. These 

candidate heavy mesons are then combined with other trickf in the event in a 



search fur H mesons. Sin**** llit T(-1.S*) is known t<> decay only to either flPfi0 

or It H\ the energy uf • true /̂  in cum candidate must be equal tn Ike beam 

mergy. A tut is therefore made im the energy of the W candidates requiring them 

ti> have an energy which i& within two a of the known beam energy, where 0 

is. the experimental frse.halion f»r that particular decoy ii.udc. (The resolution 

vane* with the decay MLIHIC i* qtieitinn, hut it typically around 20 MeV.) A beam 

ruiLSlffliEied mass is then calcinated for combinations pauiiig this energy cut. Thll 

iiiH»s ia given by HI2 - «V£UTn - {3'ft) ,i "here ^ < m '• *'>« beam energy and the 

p, are the measured 3-inoiiieiiU of the tracks Cumprising 'he 13 candidate, lly 

subitiluting the beam energy for the sum of the measured particle energies the 

resolution on the W mass ia improved by an order uf magnitude. 

lit Figure la. we show tW beam con-trained man signals for eight exclusive 

modes of the /i°, and in Figure lb. if presented the rorrcsputiding plot for three 

l^ exclusive modes. Here and throughout thii paper the charge conjugate modes 

are rn.hu implied, (S«>, for rxmuple, (lie UQ •• £>'*" data include alio B° —* 

/ ' * ' . ) To obtain masi values, thesr data were fitted to a titutiiin signal on a flat 

background. The width oflheCJaussiaii wai fixed to the expected r.-n.s. resolution 

of 2,6 MeV. Uncertainly in the beam energy contributes 2.0 MeV to (hit width, and 

Lbc rest is from the momentum measurement resolution. A value of 5279.3 i 0.4 

MeV is obtained for the fl° m m , and 5278,910.-1 for the H~ mass. These values 

are preliminary and the errors quoted are statistical only. The rniH difference 

AM - M{K°)- M(H-) -^M tlP.6 MeV has a very small systematic error since 

the unreitaihtic} in the beam energy cancel. A previous CLEO measurement from 

a separate data set gave AM - 2.0 ±1.1 MeV. Combining these two measurements 

we get AM - G.H i 0.5 MeV. This is in goad agreement with the recently reported 

AltOUS measurement1 of AM - 0.0 1 1.3 ± 1.0 MeV. 
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Each decay mode shown in Fig. 1 was also plntted separately and fitted (o a 

Gaussian on a flat background. The width of the Gaussian W M fixed u before, 

and the m u t was alio fixed to the v&hics obtained in ttie previous procedure. In 

this way a number of events is determined for each decay mode. Combining these 

number* with calculated efficiencies, branching ratio* are obtained for eicli mode 

Preliminary values for these branching ratios a i r presented in Tabic I . Results 

from the ARGUS experiment are presented for com pan sort. 

fn calculating these branching ratios an assumption must be made about the 

fraction of T(4S) deray* that go lo Che charged /*" mesons versus the neutral 

B V In the past the C L E O group has taken the ratio nfchafjted to neutral P's 

to be 37 /43 based on * phase space argument, and ARGUS has used 35/45 for 

similar reasons. Given t h r new m a n measuremetils and the possible invalidity of 

the phase spice arguments* this ratio h now assumed to be 50 /50 . The ARGUS 

Taints h*ve been resccled from (he T I IUCS given in Ref. 4 lor comparison purposes. 

Amorrg the items I f tTaWe J , ihe double charm decay modes / ? * / ? » , />** /?;" . 

and D°P; are of particular note . These ftrve been observed for the first l ime, 

and presumably arise from a spectator decay of b to e where the W~ forms the 

D~ and. the e quark combines with the light spectator quark to form the other 

charmed meson. The D^ in these events have been observed in the decay mode 

• * * - ' , and (he branching: ratio into sfcr" has been taken to be 2% (see seclmn 6 in 

t h U report j . 

Also ofinterest are the new data on fl° - » D***-***', Thefirst Dm+*~w+T-

branching ratio quoted in Table I assumes non-resonant production of the three 

^ions. I f instead, the three pitmi come from the deeay of the # j , the calculated 

efficiency for this mode rises and the branching ratio drops to pre the second 

reported taJne. T h e three pfon and two-pion mass distributions for these crept* 
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Decay Mudc Rrcnching ltalio (%) 

B" CLEO AKGUS 

0.3:i ± 0.09 i 0.06 0.32 ±0.16 ±0.12 

l .B±0.9± l.Ji 1 

1.5 ±0.4 ±1,0 

0.9 ± 0.3 ± 0.6 

3.9 ± 1.1 ± 1.8 

D<T, 0.27 1 0.05 ± 0.05 0.2S± 0.12 ±0.09 

0 ' / ) ; 1.2 ±0.7 0 ' / ) ; 

2.4 ± 1.4 

*K<> 0.06 ± U (13 ± 0.02 

*A-° 0.11 ±0.05 ±0.03 0.30 ± 0.16 
^..^.d 0.14 ±0.08 ±0.04 

•JT-iMNR) 0.10 ±0.04 ±0.03 

D- OLEO ARGUS 

D°K 0.30 i 0.06 ± 0.01 0.21 ±0.11 ±0.07 

n'n- 2.6 ±1.3 

*h~ 0.(18 ± 0.02 ± 0.02 0.08 ±0.04 

0.13 ±0.09 ±0.03 

•: 0.05 0.24 ± 0.19 

0.12 ± 0.06 ± 0.03 0.12 ± 0.08 

Table J. 19 Meson Branching Ratios 

•re ttinsUlfflt ttrilfi (he hypothesis thai all of the Lt***'* *jr" dtcaya emne via 

l)**al, however, due lolhe broid width of the a\ resonance and the limited stalls-

lics of our data we can not make any firm conclusion. Should a(l of this decay 

proceed via Hie at, the branching ratio for B° • D'*a\ would be 1.8 ±0.5 1 1.2%, 

correcting for (lie unseen decay a," -~* a~ir°. 

The decay B° -* £> M p" is also observed for the first time, at are the +'K"'D 

and non-reson»nt ^K'w* modes. 

3. S en ill ep tunic B Decays to Charm 

We now change the focus of our discussion from the purely hid ran ic II meson 

dceayt to temileptomc decays. The simple spectator decay diagram for a scmilep-

tonic U meson decay is shown in Figure 2a- IJI the Staidard Mode! of the weak 

interaction, the (V quark can make a transition into either a c quark or u quark by 

emitting a \V~ boson. In semileatontc decays, the If' - couples (o * lepton {/') 

and an anlineulnno. These decays are simpler to describe theoretically than the 

had rente decays, to measure ments of semileptonic decays can provide important 

constraint* on models. 

Leptont arise in the data from many sources and one must da sortie work In 

separate out the Itplam that come from semileptonic U meson decays. Iladronic 

events IK separated from Icp tonic QED processes by a series of election cuts 

which hare been described elsewhere* The many sources of leptons in continuum 

produced hadronic events are removed from the B decay sample by the continuum 

subtraction technique described in the introduction. The size of this subtraction is 

reduced significantly bj cutting on an event shape variable. Continuum produced 

hadronic events are jeth'ke, whereas the events containing decays of the massive 

B mesons axe more spherical. The Fox-Wolf rani event shape parameters are 
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Fig. 2b. Diagram for production of "cascade'1 lepton in B meson decay 

cairnluted and those events having lij <, 0,4 are retained, where R? = Ifofffo-

Other background a come from /? decays. For example, B mesons are known to 

decay to • menons which can in turn decay into leptqn pain, Events are rejected 

if Ihc Uplon candidate cafl be combined with any other t/adc in the event to yield 

a mass within GO MeV of the # mass, The major background from W meson 

decay, however, is the so-called "cascade11 Jeptons. These leptons are produced 

via the protest depicted in Figure 2b, where a leptort is emitted in the decay of 

the secondary charmed quack. These leplons are in general much softer than the 

primary leptons and are largely removed with a momentum cut. 

3-1 LEPTOH IDENTIFICATION 

Lepton identification has been described *f sew here " for a CLE0 detec

tor with a different central drift chamber. The mm>n identification remains as 

described in Ref. 7. Charged tracks hand in the drift chamber are matched to 

crossed hits in the muon chambers. The overall mtion chamberefficiency, including 

geometrical acceptance, varies with the track momentum but plateaus at 60% for 

f\ > 1,6 GeV/e. Electron identification is provided by the dE/dx measurements 

of the central drift chamber, and by the outer octants which cofitiin electromag

netic calorirtietTy, time-of-flight counters, and dE/dx counters- The drift chei^er 

covers a region In toltd angle of 80% of 4JT, while the outer octants cover 47% of 

4 T . For tracks which pass through V>ntK the drift chamber and the outer octants, 

electrons with 2.6 > ft > 1-4 GeV/e are identified with 90% efficiency and a fake 

probability of 0-2%. For tracks passing through only the drift chamber and with 

|cos*| < 0,8, the efficiency is 60% with a fake probability of 0.6%. 

The continuum subtracted momentum spectrum for identified leplnns coming 

from the T(45) is presented in Figure 3. Electrons and muon* are shown sepa

rately- The solid curve represents a fit to two components: direct iepton.t from the 
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b -* c transition and cascade leptuus from the secondary c • a Iransilnm. The 

kinematic limit fur leplumi prodnrrJ m tlte b —> c transition is 2.-1 (IcV/c. For 

the exclu&ive aemiteplonic deray analyses presented Lcluw, IcpLons are sejected in 

the range 1,4 < pi < 2.4 CcV/c, where tlie lower momentum bound is chosen to 

remove most of the cascade leplotis. tor 6 • u transitions the kinematic limit is 

Pi - 2.7 GeV/e, somewhat higher than for b * c due to the lighter accompany

ing hadron. The search for leptons corning ffom 6 -• u transitions, presented in 

section 4, ji made in the leptoii momentum range of 2.2 2.6 CuV/e. 

3.2 T H E DECAY U" -» D**l~v 

In order to look for the exclusive decay iJ° - • D* H~ vT one must first isolate 

a clean sample of D*' iimuns. These ar= identified from the decay chain D"* -' 

D°x*i D° — K-x4 or 0 ° -* £ - « - > * - * • . Only D'* meiont with 7 D . < 2.5 

GeV/e are used in order to suppress thpie produced in continuum events. 

One eannat us* the & reconstruction technique of section 2 to search for a 

B° - • D'+t~P signal due to the undetectable neutrino. Instead, we choose events 

with a / I" f and a lepton (l~) and calculate a missing mass [MM). We know 

that the energy of our B° ia equal to the beam energy fi^tm If *'e make the 

approximation that the DQ h at rest, wc obtain; 

« J f - (ft.— - ED- &? - (TO- 4 »)*i 

where all of the quantities on the right-hand side are known- The ft* meson is 

not produced at rest in T(4S) decay, but rather with a momentum of roughly 300 

MeV/c. The effect of this momentum on • MM2 signal from D° -• D**l~ t> is 

to giTe it a broad width about its central value of zero. This width is determined 

by Monte Carlo simulation to be 0.8 GeV a (FWI1M). In Figure 4 wc SEC a large 

signal in the MM* data centered at zero, and with the expected width. 
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There are fi number of sources in thr data of events containing both a P*+ 

and a charged leplon. Various background vourccs were considered and measured 

using both the data and Monte Carlo limulaliDn. We consider processes that 

will produce the rorrect charge combination D * f ! ~ , and M * check of our un

derstanding we also consider sources of the wrong charge combination 0 * + J + . 

Right sign eventi can arise from five sources: 1) the B° — D**t~v signal; 2) the 

decays B° -» D'+*°I-v and B~ -> D'* *-('&, where the IF* may be citaer 

non-tcsonant or come via a D**; 3) fake t~ or fake D'* pioauctfcm; 4) a cascade 

process with D'4 production from one B and £ ' production from the semilep tonic 

decay of the charmed daughter of the other B% 5) an event with B°B° mixing Can 

produce a Dk+ from one Rt and a right sign l~ from the lemiTeptonic decay of 

the other B. Sources of wrong sign events are: I) a / > ' f fwjn one B and a /* 

from the semilcptonic decay of the other B\ 2) an event with B^B° mixing can 

produce a ZV+ from one Ry and a /* from the semilrp tonic decay of the charmed 

daughter of the other B; 3) fake I4 or fake X?*4 production. Each of these sources 

in accounted for in fits (o the data. Right sign events due to B — D" + X appear 

on the M M 3 plot as a skewed Gaussian centered at a small posiLive value of Will' 

and with a shape predicted by Monte Carlo. (The shape of non-resonant V'n is 

very similar and cannot he distinguished from D" in the (it.) Processes involving 

B°B° mixing or rascadc Icplons tie also described by Montr Carlo simulation. 

The shape of the contribution due to /)*"* fake$ if determined by an analyst* of 

I>° sidebands. The shape due to lepton fakes h obtained by combining i 0 ' * 

with anothei hariron in the event. 

In Figure 4a. the continuum subtracted right sigfl data are shown together 

with a fit to the data. The solid histogram shows the overall fit and the various 

other curves show the components of that fit. In term' of the sources mentioned 



•bove, (he solid curve rep resent i tlic D"*l~v signal, the dotted curve represents 

source 2} t tlie dashed curve represents the fakes, and the dot-dashed curve rep

resents the cascade and mixing sources 4) and 5). Figure 4b. presents the con

tinuum subtracted wrong sign data, an overall fit given by the lolid histogram, 

a dot-dashed histogram representing wrong sign sources 1) and 2), and a dashed 

histogram representing the contributions from fakes. 

In the fit to the right sign data 107 ± 12 events are attributed to the B° -* 

Lr{ l~0 signal. We obtain a branching ratio for this decay of (4.6±0.5±0.7)% after 

efficiency correction and using the ISGW model to correct for the unmeasured 

portions of the lepton momentum spectrum. The contribution from the decays 

B~a -* D"+ti> and B~ — D"°l~D is 18 ± 10 events. Assuming the branching 

ratios for these two processes are equal we obtain B[B° —* D"*l^v) = (2.0 ± 

1.1)%, And lastly, the right sign and wrong sign data yield 7 ± 3 events attributed 

to B°B° mixing, which implies a mixing parameter r = 0.15 ± 0.07, in good 

agreement with previous ARGUS and CLEO mixing measurements. 

3.3 THE DECAY B~ -> D*l~9 

The measurement of the branching ratio B(B~ -» D°l"v) is made in an 

analysis very similar to that described for B° —• D**l~fr. Here we calculate a 

missing mass squared for events containing a D° and /", whereas before we took 

D" 1 I' events. There are some important differences between this analysis and 

the D** l~P analysis. First of aj] t the D signal sits on top of a much larger 

background than the /)* + . Only the relatively dean decay channel D° —• A*~x + 

is used here, but we must still perform a careful D° sideband subtraction to 

remove a sizable fake DQ background. Another added difficulty in this analysis is 

the larger number of B decays that feed down into the D t~ signal. The decays 

A" - + D'+l-v and B~ - . PwQt"» followed by D'+ — />°* + and D'a — D0*0 

each contribute, as do the B Lo D" semileptnnic decays. We use our previously 

measured branching ratio to calculate the contribution from B° —» D*+l~Pt but 

the B~ —*• D*°l~i> contribution must he treated as an unknown. The shape of 

the contribution of this process to the D°i~ MM2 plot is calculated from Monte 

Carlo simulations. 

The Dql~ MM3 distribution is shown in Figure 5 where not only has a 

continuun*. subtraction been performed, but appropriately scaled £*° sideband 

and fake lepton data have been subtracted as well. The solid histogram rep

resents a fit to the data and the fitted contributions from Dnl~P (solid curve), 

(D'Q -i D"*)l~i> (dashed curve}, D*'l~v (dotted curve), and background pro

cesses (dot-dashed curve) arc shown separately. In the fit all shapes are prede

termined from Monte Carlo simulations, the D**fD* ratio is fixed to the value 

found in the D**l~v analysis, and only the numbers of iPl'v and D*°l~P events 

are allowed to vary (and proportionately the D*¥l~P). The background pro

cesses shown as the dot-dashed curve are >.atculated prior to the fit and fixed 

in shape and numbers of events. The dominant backgrounds come from "cas

cade" leptons and events with B°B° mixing. The numbers of events extracted 

from the fit are N{B~ - I* 0/"*) = 5S ± 20 and N(B -> D*l~i>) = 214 ± 21. 

After correcting for detector acceptance, and using the ISCW1" model to cor

rect for the unmeasured portion of the lepton momentum spectrum, we obtain 

the (preliminary) branching ratios: B(B~ - Dat~v) = (2.4 ± O.B * J;Jj?& and 

B{B~ - D*t-v}= (3.9±0.B*J])%. 

Before concluding our discussion of exclusive semilep tonic branching ratios 

we note a couple of interesting ratios. First, the ratio of vector to pseudoscalar 

production in semileptonie B decay is given by: 

Vsi(O') _ B(B- - i /> T p i ' i> ) = t l . 2 t0.7 
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Nrat, vrr have from isospin symmetry that r ( / j" - D-ft) ---- r(fJ- . . W"l v), 

therefore the ratio or the lifetimes of the charged (,„,] neutral 0 is liven hy: 

r(B ) I)(0 .r>'"l ;,) + o 5 2 
,(««•) ^ f ] i - : : 7 , . r , T ) = o s r , ± 0 2 0 l i a 

This is the first measurement of this ratio of lifetimes. Note that t | l c lifetime 

ratio depends on our assumption that the T(iS) decays to fftf and l)< B" in 

equal amounts, and shoold this iVjIf- pmduciion ratio decrease, the lifetime 

ratio would decrease in direct proportion. 

4 . Endpuint of the Lepton M o m e n t u m S p e c t r u m 

A. mentioned in section 3.1, there is a kinematic limit to the momentum of 

leplons produced in the scmiteptonic decay of B mesons at the T(4S). For a 

* - e transition this limit is 2.4 GeV/eand for l U . transition it is 2.7 GeV/c. 

A search for feptons having momentum beyond (he fcinematic limit for 0 - c is 

a very sensitive method of searching for b - n. In this section we will show new 

data on the leplon endpoinl spectrum which indicate that b • u transitions have 

been observed. 

The techniques used to identify electrons and muons have been discussed in 

section 3.1. The leplon momentum region which we will use in the search is 2.2 

- 2.6 GcV/c. The search h cut off >t 2.6 CeV/c decease very little o - u signal 

remains in the 2.6 - 2.7 GeV/e region ( 1 - 2 % in most models) and one eipects 

a terrible signal to noise ratio given the high continuum background. The search 

is extended down to 2.2 GeV/c because there is a relatively small and calculable 

b - c background in the 2.2 - 2.4 GeV/c region and because one expects to 

roughly triple the statistics an any b-> a signal. 



l.eptnns from rimliniiiim processes are the largest birkgrmiud »ourrc. In this 

analysis the selection on the shape parameter A3 11 used a« described in section 3. 

Here the effect is to reject 70% of continuum event* while keeping 90% of the BB 

event* of interest. The scaling (actor by which the continuum data ate multiplied 

to account for the ratio of T(45) to continuum luminosities and the difference* in 

cruss section at the two energies is 2.08 i. 0.01. 

Obviously, arc urate mnmcnLum measurement is crucial to this analysis. The 

momentum resolution function for the charged particle tracking was presented 111 

the introduction, and gives a resolution (&p) of around 20 MeV/c for the leplon 

endpoiu* region. This is perfectly adequate to prevent large numbers of b -* c 

background leptons from appearing in the b -* u signal region through measure

ment error. However, we must be careful to rule out large momentum mismea-

surementa due to systematic effects, Thus, in this analysis we impose strict track 

quality criteria on tliu ca*y.l;«Mr lent on tracks. We demand that each lepton track 

have at least 30 hits iii the centra) drift chamber {out of a possible 51) and at 

tt-ast 5 hits in the two inner tracking chambers {out of a possible 13). The*v«ragc 

residual of the hits is required to be less than 25Q pm and the track is required to 

extrapolate la within 2.0 nun of the beam position. 

The effect «r these track quality cuts was checked in the data in two ways. 

First a large sample of /i-pair events was examined after imposing the cute. It was 

found that fewer than 11,3% of the track* were shifted by more than three <r from 

the known momentum and fewer than 0.01% were shifted by more than six o-. The 

isolated trucks in n*pair events, of course, are unlikely to cause confusion in the 

software trackliodiug procedure. In order to rule out large momentum shifts in 

the more complicated hadfimic event:., we tool isolated tracks with 2.0 < p < 2.5 

(IcV/t from radio tivi* bbabha events and embedded their hits in randomly selected 

hadronic events. The trackfinding algorithm wa» theu run on these embedded 

events and the new momenta were compared with the old. No ntm-Gaussian 

momentum tails were observed, implying that less than one b ~* c event wilt be 

shifted into the signal region above 1.4 GeV'ft. 

ID Figure 6 we present the raw momentum measurements of the enduuint 

leplon*- Electron and muon data are shown separately in the tap and bottom 

portions (respectively) of Fig. 6. Data taken on the 1{4S) are shown by the 

diamond shaped points and the scaled continuum data arc shown by the crosses. 

Fits to the continuum data are shown by the solid curves in the figures. A large 

6 -• c signal is evident below 2.3 GcVfc in both the electron and muon data. 

Also, in both data sets *ome excess is observed is the h —* u signal region 2.4 -

2.6 GeV/c. 

The 6 - • e background contribution is calculated using the 1SGW model,10 a 

model by Wiibcl, Stecb and Bauer/* and a modi.-1 by Altaiclli ct oi' 5 Charmed 

semifeptonic decays are generated according to these models, the detector response 

is simulated, and QED effects are accounted for. For each model the Mante Carlo 

momentum spectrum is normalized to our data for k-ptons in the momentum 

region 1.5 - 2.2 GeV/c and the number of events that appear in our search region 

of 2-2 - 2.6 GcV/c is then determined by extrapolation. AH three models give 

reasonable fits to the data. The number of events in the region XI - 2.6 CeV/r is 

insensitive to the model used or to reasonable change* in the modeling procedure. 

In the 2.2 - 2.4 GeV/c region the models' predictions of the t • c contribution 

agree to within 10%. 

Table 2 below presents the continuum subtracted yield of leg*tuns in two bins 

of momentum together with the calculated backgrounds. For each entry, the first 

error quoted is statistical and the second systematic. The continuum data have 
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heen filtetl to * smonth sh*pe bfforc. subtraction, and the systematic etrt>r» given 

(or the **{" from flfi" reflect th? utK«tainlies in this pToeedme. 

Leptcn Momentum: 2.2 - 2.4 GeV/c 

l~ fcom: Elections M lions 

BB 182 ± 21 ± 7 178 ±21 ±13 

* 2.7 ± 0.9 ± 0.5 t,7±0.6±0.4 

*' 1.7 ±0.6 ±(1.6 ! .7 ± 0.6 ± 0.6 
14S±2±10 *-»« 1 4 5 ± 2 ± I 0 

! .7 ± 0.6 ± 0.6 
14S±2±10 

6 —» u J3 ± 21 ± 14 23 ±21 ±21 

Upton Momtnlum: 2.4 - 2.6 GeV/e 

[" from: Electroni Muons 

AH 49 ± 1 9 ± 6 26 ±14 ±9 

* l.0±0.5±0.5 0.8 ± 0.4 ± 0.4 

•* t.0±0.5±0.5 1.0 ± 0.5 ± 0.5 

4 - c 0.4 ± 0.1 ± O.J 0.6 ± 0.1 ± 0.3 

*-« 47 ± )5 ± 6 24±14±8 

Table 2. Endpoint Lepton Yields and Backgrounds 

Fn Table 2, "/" from DBn represents thelrpton yield after continuum and fake 

mfaltaction. The fakes background includes minidenlified electrons and muons and 

Che enVed of dparioa* hilt its. tfre myan chamber*. Other sources ai background 

teptons have been considered including converted photons, leptonic decays of vec

tor mesons, cascade leptons from B decay,»° Daliiz decays, and muons from pion 

or kaon decays. It is calculated that all of tht*r snruc« together conlri1>utr IDKS 

than one event to our selected sample. 

In addition to measuring (tie numbers of ftp tons in (fie T(-tS) data and 



Die oir-rcKonanec da.li, • mun value of the shape parameter /tj w u calcu

lated for each data set in each momentum interval- These mean valuei were 

(Rj)4S = 0.250 i: 0.003 and {Ht)uff = 0-287 ± 0,006 in the 2.2 - 2.4 GeV/c inter

val, and <ffa)«s = 0-27».1 0.005 and (Wa)a// = O.302±0.OO7 in the2.4 - 2.6 GeV/c 

interval. Monte ("arlo simulations uf T(4£) decays where at least one B decays 

ac-milcplniucally predict a mean Hi for fifl events of {R^}Bg = 0.213 ± 0.007 

for the lower momentum range and (fii)jjtt ~ 0.216 i 0.0(0 foe the higher mo

mentum range*. (The errora on [Ih}nB * r e *ntirely systematic and arise from 

uncertainties in the b -* ut'v modeling.) The measured mean R% values sup

port the assumption that the observed lcplon excess is coming from B decay. 

Further* for each momentum interval we can take the three measured quanti

ties, lepton yield for T(4S}, n^Si *»d mean Hi for T(45) and off-resonance, to

gether with our [Hi)gB, and calculate a yield of leptons from BB evenW from; 

y = n « ( ( / i 3 ) w / / - (Rt)4S)/{W0tt " (^)DB). After subtracting fakes m d the 

backgrounds listed iiiTahlcr 2, we gel numbers ofleplons (*~ plus fj~~) attributable 

lnb -~* u transitions in each momentum range: 61 ±49 ±4-1 for 2,2 - 2,4 GeV/cand 

88 ± 29 ± 12 for 2.-1 2.6 GeV/c. Averaging these yields with the & -* u yields of 

Table 2, and taking the correlations between them inly account wcgcl G2±28±28 

b - u leplons for 2.2 2.4 CVV/c and 76 t 18 i 8 6 -» u leptons for 2.4 - 2.6 

CcV/c. The h -* u branching ratios we obtain from these averaged yields are: 

0(2.2 -2.4) - < 1.6 ±0.7 ±0.7) x lO ' .and /J(2.4 - 2.6) = (1.8 ± 0.4 ± 0.3) x 10"*, 

where » e have averaged over the e~ and JI~ branching ratios. 

We can now extract values for thr> ratio of the KM matrix elements |l**l/l'J<Jil 

using our measured branching ratios, &(p), and the relation; 

li^P IHP)I 

allele By is the average uf the humilcptonic hmiching ratios for b —* ce~vr and 

b -* efi fy (which IIJIJ been previously determined ti> he 10.2 ± 0.2 ± 0.7%'* ), 

and d ii a model dependent parameter which must account tot the semiteploiiic 

decay width of i -* u transitions and the fraction of the b - • u momentum spec

trum which is in the observed region- In Tabic 3 we have calculated d fur each 

momentum interval from our three previously mentioned models and a model by 

Horner and Schuler^ and give (lie corresponding values of IK^lVl^ftl1- We note 

that the values derived [rum the 2.2 - 2.4 GeV/c interval are somewhat smaller 

than those for the 2.4 - 2.C GeV/c range. Tliia may be due to statistical fluctu

ations in our data, or lu inadequate models of the b > c and 6 - • ti momentum 

spectra. We emphasize though that our evidence fur an excess of leptons above 

2,4 GeV/c is quite insensitive to the models. 

model (2.2 - 2.1) C W / c xlO" 1 ( 2 . 1 - 2.6) (>V/c y ] » - J 

ISGW'° I S ± 0.8 3.S+ ID 

W f l S M 0.8 -i: 0.5 1.8 1 O.b 

(.1 t<).4 Al l ." 0.5 ± 0 . 3 

1.8 1 O.b 

(.1 t<).4 

K S " O.fi I 0.-1 I I i 0.3 

Table 3. M «*| 2 /m»| 3 for Various Models and J^pton Momentum Ranges 

After this talk was presented in July, the ARGUS cotlahnrattmi announced 

similar results on the endpoint of the leptcn spectrum, lining events with both 

single and double lecton togs, ARGUS observes a lepton excess of more llian 3 a 

in significance. They extract a value of lU&l/IUil - 0.(0 i 0.03 using Lhr AlUrelli 

model, in good agreement with our values for the earnc inoiM 

http://da.li


G. Ciitttinutiiii i'niiliutioii of Charmed Mesons anil Daryons 

We now Inrn from the subjrrl ol /? meson decay to discuss new results on 

the continuum production of charmed mesons anil haryuns. For these analyses 

wr use 428 pli ' ,.f dala token 4m thr continuum and at the T(45) and T(55). 

In mill analysis the srirrlinn I ~- 0.5 is made, whrrr r = p/pm.„ to remove 

particles produced ill B raeiinii drcay. We first discuss our observation o[ the 

decay /)" .-• ft"A", then »f present new measurements of D* decay model, and 

fin ally we present result* on charmed l>aryon production. 

.1.1 THE DrXAY / ) " - . K"^ 

The decay /)" -^ K"KV is of interest because it cannot proceed via a simple 

spectator process. The decay can occuc via It' exchange diagrams as illustrated 

ill Figure 7. However, unlets SU{3) flavor breaking occurs these two diagrams 

cancel. The other possible mechanism for the production of this decay is final 

•tale interactions. The E400 collaboration" has previously observed this decay 

with a branching ratio of »( / )" - K'K") = (0.10 4 0.08)%. 

We have been able to observe a very clean signal in our dala by selecting for 

the decay chain IV * - lfi,';[f - . ftj/fj. The K° candidates are observed 

via their decay to ir 4 ir- . Tlie secondary decay vertex of the K° U required to be 

at least 0.5 cm from tlie primary event vertex, the secondary vertex is required 

to be uell defined in the three spatial dimensions, and the neutral momentum 

vectur of the IYJ is tcc|\urrd to point bat* to the event vet tn . A D° candidate » 

formed from two ~f these ft'J candidates, then a pion is added to form trie D'* 

candidate. A I T 4 candidate is required to have pa. t 2.5 GeV/e, and a miss 

difference m D - - mn within 1.2 MeV of the known mass difference H5.5 MeV. 

The rrsulting ft'Jft'J mass spectrum is shown in Figure 8a. We see five events 

c 
Fig;. T. Diagrams for D» ~> KeKa. 
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on nrt estimated background t>f 0.3 event. Each of the five events yield* a TIIIUS 

consistent within our experimental resolution with the />° mass. 

A peak cai> also be seen at the D° in the A*°A"° mass spectrum without re-

quiring that the 0° come vifi a D*+. This inclusive J)* spectrum is shown in 

Fig. 8b. where ppo > 2.5 GcV/c. Fitting this distribution to a (iautsian on 

a polynomial background, 11 ± 5 events are seen on a comparably siied back

ground. The region l.G to 1.78 GcV is excluded from Hi is fit to avoid the clTects 

of "satellite" peaks. To extract a branching ratio we lake our remit from the 

P T + selecliaji technique and normalize it ID the decay 0 ° —» A"°IT*T~. A signal 

of 457 1 23 events is seen in our data for Z>° -* A?ir 4 *~ where the D* comes 

via a J 9 * 4 . After correcting for the detection efficiencies for these two decays 

and using the Mark HI value 1 8 B{D° -* K°W*T~ ) = (6-4 ± ].1)K, we obtain 

7?(/>° - A°A'&) = (0.13lj[JJi;g)9a. We obtain a consistent value from the 

alternate analyse which dues not require the D'* constraint. Thii result is in 

good agreement with the E400 result and constitutes evidence for either final 

state tut tract tons or flavor SU(3) symmetry breaking in charmed meson decays. 

5.2 Df DECAYS 

Now we pre«nt new measurement* of D* decay modrs. The observed modes 

are <£**, A7*BA' *-, A'* + A 0 , and if 0A""». The A" + A;° mode ii observed here for the 

first time. Drift Ciiambct dE/dx measurements arc used to distinguish k-ona from 

pions in the analysis of these modes. A candidate A'+ is considered "positively" 

identified if the measured dE/dx of the track is greater than two standard devia

tions away from the expected dE/dx for a pion. A fV+ of * * candidate track is 

called "consistent" with its particle type if its dE/dx measurement is within three 

standard deviations of its expected value- All charged particles are required to 

be "consistent11 with their mass interpretations in tbe four analyses, except for the 

primnry kaons in (lie Ktlif\* and /Y°A'* decay modes WIIITC tin- A"' is required 

to be "positively11 identified. This stricter requirement, minimizes the background 

Let these two decay mndrs from the decays I)1 » A"*"*' and / ) ' - • A'"TT '. 

In Figure 9 we present the invariant mass spectra for our four duray modes 

for rDt ~> 0.5. In Figure 9a. we pre&mt the fa ' mass distribution, where the ij> 

has been identified through its decay to h' * K . Two belicity angle cuts an: made 

on these data: |au0jj '• 0V1 and COJ0J .» -0.8, where B\ is the anght between the 

fcaon and (he Of in the rest frame of the vector meson <fi, and 9? is the decay 

angle vl the K * in the />/ rest frame. In Figure 9b. anil Dr. tbe m u s p)»t.i for 

A'"°A"+ and A"** A'" arc shown, where the A'*0 and A'** Me identified via their 

respective decays to K~n* am) K°n ' . The A" is found via its lung-lived uVray 

to w*ir" in a manner similar to that described in the previous section. For lb est 

two decay modes the same hclicily angle itlrctiun on tf| is made as in the 4"' 

case. The mass plot for the fourth decay channel. A'"A'* is shown i» Figure 9d, 

The raw yield, efficiency corrected a lit, and relative branching ratio to ̂ * 4 are 

given in Table 4 for each of our four modes. 

D* Deny Mode Raw Yield <r-Ur (pi.) Br/IIr(/>.' - ( * * ' ) 

*** 405 i 27 6.54 0.5i 0.3 1 

I.05IU.I710.I2 K*K* 149 t 25 6.1.4:1.1 t0.7 

1 

I.05IU.I710.I2 

K'+K" 40 ± 7 7 .8i l .4±0.8 1.2010.2110.13 

K°K' 110 t IS 6.44 l .H 0.6 0.99>fl.l7iO.IO 

Table 4. Results on e+e" -* 0 / X ( i„# > 0.5). 

For three of our four modes (the exception firing A'"°A*f) a prominent i7 f 

peak ii observed in addition to the D*. By fitting these three spectra each to two 
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Onmiiaui •nil a polynomial background shape, not only are the rut yirlda of Table 

4 obtained, but mi*< value* for the U* and Dj arc measured aa well. The mail 

difference i« of particular interest becauie it ii relatively free from systematic error, 

The weighted avtrage of llic three n m i difference determinations ii Af{D£) -

« ( / > M - 9 8 ' 5 ± l . S M e V . 

5.3 CrtAllMfclt lURYON PRODUCTION 

We now turn our attention to charmed baryoni. We hive observed several 

decay niDdca of ttic A*, with one mode being observed far the first lime, Tke 

ubierved yield in the data, the cr-Br, and the relative branching ratio to A* —t 

pK^K* ire given it. Table 5 fur fix different de»y model. The Humbert in 

this table are ill preliminary. A* in the D* analyses described above, dE/dx 

measurements are used to identify the charged proton*, la on l, and plena. The 

A'0 and A are identified via their long-lived decays to T ' » " and jwr~, respectively, 

In manners similar lo that described above for the A"0. In the c u e of the A, the 

daughter proton ii required to hive a measured dE/dx consistent with the proton 

itiaia hypothesis. All d i t i are again taken at r > 0.5. 

Aj Decay Mode Raw Yield a-Br (pli) Br/Br(A+ -rK-**) 

PK~T> 690 k 70 5.7±0.6-fc0.6 I 

PK° 132 i IS 

82 f 23 

29±<M±0.3 O.5l-t0.09±0.03 

l i K V i r 

132 i IS 

82 f 23 2 9 i 0 . 8 i 0 . 6 0.5IiO.I5±0.03 

Alt 4 90 i 13 10±0.2i0.1 0.18±0.0l±0.02 

A I ' I I * 209 ± 31 1.3±0.5±0.4 O.75±0.12±0.08 

a-KU* 32 i 7 0.9*0.210.2 0.1610.04±D.02 

Table 5. Kuulla on e'e" -* A+A' (zAj > 0.5). 

The decay £~«V+w + ia observed here for the Aral time. The E~ is found in 

the decay chain S r -* AJT";A - • •*•". ThepT" invariant maaa of the daughter A 

candidate ia required to be within € McV of the known A m m , and the intersection 

point between the A and the x" ia requited to be inside the A decay vertex and 

at least 4 mm away from the primuy event vertex. 3~ Candida let hiring a 

reconstructed maaa within 5 MeV of the known =Z~ m u i are accepted for further 

analysis. The number rl 5~'s so obtained i. 1006 ± 43 over * background of 563-

The E"K+*i invariant miss spectrum is ihown in Figure 10. The signal at the 

A+ m*ai contains 32 i 7 events. 

The measured mutes of Che six A / decay diode* are all in agreement. A 

preliminary average mass value of AfA* = 2285-2±C.7±3.0 MeV ia obtained from 

these data. 

The E~ sample described above was also used in a search for the charmed 

strange baryons Ej (cid) and 3 * (esu), via the decay modes 2 j —* S"* * and 

S* -*S~**jr* . In Figure 11 a. we show the invariant m m plot for E"*-'', and in 

Figure Hb. weahowtheE~ir + jr + distribution. As with the other charm analyses, 

we take x= a > 0.5 in both plots. In the E£ analysis we require that co*$ > - uj.g, 

where # is the decay angle of the T * in the cjj fest frame. The spectrum of 

Ffgwe 11a. is filled to * Gaussian signal with a fixed FW.IM of 25 McV n„ a 

potyiomial background. This fit yields 19.8 t -1.9 events with a mass of 2472±3± -1 

MeV. Fitting Figure lib. to a Gaussian (FtVflM = 22 McV) and a polynomial 

background yields 23.0 ± 6-3 event! and a mass of 2467 ± 3 ± 4 MeV. The isospin 

mass splitting between the two states is found to be A / { 2 £ ) - A7(Sj) -( 5 ± 4 ± I) 

MeV. Tke systematic error of 1 MeV comes from the uncertainty in the difference 

in the mass scales introduced by the additional pion in the =e* decay. TlieH 0 state 

was observed by CLEO for the first time, and this h the first measurement vf 
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tin: isospin mass splitting by a single experiment. 

C. B Meson Decays to Baryous 

Our final subject is if meson decays into baryons. One mechanism for the 

production of baryon - antibaryon pairs in f) meson decay is illustrated in Figure 

12a. Here we have a spectator decay process with a diquark pair produced from 

the vacuum. The c quark combines with a diquark to produce a charmed buryon 

B „ while (lie light spectator quark combines with the anti-diquaik to produce the 

compensating baryon 6 . If ttiere is no s i popping from the vacuum, the diquark 

will be composed of two light quarks and the charmed baryon, B c , will either be 

a A*, or a baryon that will decay via the A,!. The compensating baryon, 6 , will 

be either a f or n in this case. Should as popping occur we will get B , = 5 C and 

6 = A. 

To eaplore the baryon production mechanism in B meson decay we make 

a series of inclusive measurements of single baryon and baryonantibaryon pair 

production in our T(4S) data. The results of these measurements are presented 

in Table 6 below. The , , A, and 5 " are identified by the dE/d* and secondary 

vertex methods described in section 5. Protons are required to be "positively" 

identified, and for the B — pX inclusive measurement only » data were used 

to avoid the large background of protons coming from beam gas and beam-wall 

interactions. The large A/p ratio observed in the D decay data suggest that the 

A? is being produced. The A+ is also seen directly. In Figure 12b. we show 

pK-i-* combinations for x < 0.5 for lh«. T(4S) data, , „ d the scaled continuum. 

There is an obvioqs signal in the T(45) data, and none in the continuum where 

the charmed baryons are expected to be produced dominantly at high i. The 

product of branching ratios obtained from the continuum subtraction of these 
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data in prrirntrd in TuMe 6. Measurements from tPic ARGUS '.nllalioration" 

are alio presented in Tabic 6, and arc in Rood agreement frith the CLEO value*. 

Inclusive Branching Ralin Brandling Ratio (%) 

a- CI.EO ARClfS 

PX » 4 i 0.5 ± 0.8 8.2 4 0.51J J 
A°.V 3.9 i 0.4 1 0.4 4.2 ± 0.5 -t 0.6 
sx 0.26 * 0.04 ± 0.05 0.28 ±0.14 

A?A'.fl(A* -pK «•>) 0.28 ± 0.05 4 0.05 0.30 ±0.12 ±0.06 

r?x 2.6 * 0.1 ± 0.4 2.5 ±0.2 ±0.2 
ti>fX 2.5 ± 0.J ±0.3 2.3 ±0.4 ±0.3 
A°AA <0.4 < 0.9 

Table 6. Inclusive Branching Ratios for B Meson Decajri to Barjons 

The momentum ipeetra we obierTe for B -+ pXt B ~* A A', and 8 —• E~A" are 

consistent - ith what we would expect from our simple spectator promt- Also, the 

Uck of A A production and theamall amtmntofS" production relative to A argues 

for little JS popping from the vacuum. (Af we have teen in section 5.3, the A* doe* 

decay to E~,ao theobserralion of 3 ' production doc* not necessarily indicate ss 

popping in the B meson decay.) If we assume the spectator production mechanism 

of Figure 12B, and further assume that no strange quarks are produced from the 

vacuum, we can deduce the inclusive branching ratio for B -» A^X, indesive 

A,4 branching ratios, and the exclusive branching ratio fi(A^ -* yK'w4). These 

values are given in Table 7 below. 



Drcay M«iie W ' llmtitlimg Ratio (%) 

A r' .V G.8 i l.tt'JJ 

[Iway Mailv Ar' . [handling Ratio (%) 

pK ' » ' 

P-V 

A°.Y 

4-1 i 1.1'.S pK ' » ' 

P-V 

A°.Y 

B5 i 20 t 10 
pK ' » ' 

P-V 

A°.Y 57 i o n 

Table 7. Branching IUli«s Calculated from Results of Tabic 6. 

We fin stretch (Mir Hiring of deductions still furtlirr. We can use the continu^^ 

charm production cross sections or section 5, together with the icsulti of Table 7, 

to get a value for the branching ratio B{P* - •>*"*). The chain of reasoning goci 

as follows: using our measured ff^-Ur from continuum production, and the value 

B[A* *pK n,)--{A.H 1.1)% deduced from the Bio baryens data, we obtain 

a value for <rA, * the continuum cms* leclinn for A? production. Ifwc u iamc at) 

charm production from the continuum goes eventually into either D°,D+

tDf or 

A*, we ubtain: 

The total charm cross section, <rc is known, and measurements exist for the other 

three quantities on the right side of this equation, The*e numbers give oot = 

0.3710.151 0.22 pi', which togethrr with the cr^-Br from Table 4 yield B[D+ — 

<t>* *) " (2 ± 1 1 l)%. Tli- systematic error of 1% includes only the systematic 

errors involved in the cross section measurements, and not effects of the various 

assumptions that went into the- calculation. Note that many of our assumptions 

would tend to make this an overestimate of the $r* branching ratio, for example, 

we have ignored the production in B decay of charmed baxyons such as the z* 

which do not decay tu A,1, Including this elfrrt WIHIW deerti,<,i- H(A* . pf% " n *), 

decrease ct\tt increase ?;>,, and decrease li(t>* - • tfw' ). We have used this value 

of the .#fr* branching ratio, (2 I l)%, to determine the H meson branching ratios 

involving the Dl which arc presented in Table 1. 

7. Conclusions 

fn this report we have presented a number of new results from the (,'LEO col

laboration on B meson decays, and continuum charm production. New values for 

the B° and B masses were reported in section 2 Cuddlier with branching ratios 

for exclusive badrome decays of the U° >nd B~, In Miction 3 we reported on mea

surements of B(B° — fJ"*JV) and P(B~ - • [)°l i') obtained using a missing 

mass squared technique. The.v in section 4 wc discussed evidence for ^ - > u tran

sitions. An excess of leptonio wiu obsrrved beyond the b • -*• r kinematic limit, and 

interpreting these data as coming from b • u transitions allowed us to dclcEiiiiiie 

model dependent values for the ratio of KM matrix efemenis |l'«»|/|lr<t|- In sec

tion 5 we presented results on the continuum production <m charmed mesons and 

baryons. New measurements of B[D° -* KnK°), varioLs P / and A/ branching 

ratios, and the masses of the charmed strange baryoni Z|? and E+ were giv*n. Fi

nally, in section 6, inclusive measurements of baryon production in B decay were 

presented. Values for the branching ratios B{A£ -* pK x*) and B(0* -• 4>**) 

were shown to be consequences of the B to baryons measurements. 
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Recent Results on B-Decays from ARGUS 
H. Koluuoski 

Institut fur Physik, Universitdt Dortmund, Fed. Rep- of Germany 

Abstract 

In this talk recent remits from the AUG US experiment arc reported 
emphasizing semilcplcinie tt-dcrays and the determination of CKM iniurix 
elements. Tfce uiaJyscs of exclusive B-decays into Div tuid D'lv and of 
thnihdulive Icplon spectrum wre shown to yield coniistunl Moults tat V^, 
Also discussed is the measurement of Lite helicUy structure of the fr'lv 
final state and of the lifetime ratio of neutral to charged II mesons. Up-
per limits for charmless D decays into exclusive temjlcptonic i*nd hadronic 
channels are givea. Evidence for b — u traiuitiuak fruin Llm tmdpuini of 
the inclusive lepton spectrum is reported. The AltGUS results an ffi- B° 
mixing are updated and the resulting constraints on the standard model 
discusfed. The report doses wjih an introduction of the new ARGUS Micro 
Vertex Drift Chamber, which is expected to Improve Llic efficiency fur Me 
reconstruction of U-decays. 

This work was supported by the German EuDdeuniniiterium fur r'ottchuD£ uud Technologic 
under contract numhti 0&4DO51P. 
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1 Introduction 
Over the Inst few years the investigation of the physics of b-quarks improved 
considerably <mr knowledge of the parameters of the Standard Model and posed 
stringent limits on the existence of n c * physics beyond the Standard Model 
[1]. With Llie lop quark still missing, b-physies offers the unique possibility to 
determine the coupling of the third quark generation to the lighter quarks. The 
relative strength of the quark couplings are given by the Cabbibo-Kobayashi-
Moskawn (CKM) matrix, which is unitary in the Standard Model with three 
generations |2J: 

V* V„ K* (1) 
Vu Vtl V« / 

The matrix elements V,,* t m ( ' V* can be determined from B-meson decays in 
combination, with b lifetime measurements, while Vu wid Vta can be obtained 
From oscillations in the B° — B° and Bt — Ba systems, respectively. Semileptonic 
B-meson decays (Fig.l) are best suited for the determination of CKM matrix 
elements, because the theoretical uncertainties are expected to be smaller than 
in pnrdy liarironic decays. Note that the b quark decays into u or c quark* via 
cniinstou of n W while the ft emits a W 4 . Hence, in scmileptonJc B-decaya, a 
negative l^pton tngs a B~ or B° and a positive lcpton » E * or B°-

In the npectatar model the semilcptonic width is the same for neutral and 
charged B-itiesaps, For current quark masses and next-toleading order QCD 
corrections it is predicted to be [1] 

r « ( B ) = ^ f ( 0 - 8 8 | i y } + 0.48 IK . I 5 ) . (2) 

This AJIOWB Hie determination of the lifetime ratio of neutral and charged B's 
from the measurement of the semilcptonic branching ratio Bst (We Sect. 2.4) 
using the relation 

r 5 t ( B ) = *5*&. ( 3 ) 

Mont results uil b-physics have been obtained from e +*~-expcrimenls running 
on the T(<I5) resonance. The T(4£) resonance is assumed to decay exclusively 
into J375 pairs (Fifi.2) with a branching ratio into neutral and charged B's given 
only by the phase space, i.e. by the masses of both charge states. Previously 
ARGUS assumed a production ratio / " / / * = B ° 5 " : D*S~ = 45 : 55. Re
cent mass detanninaiiona by ARGUS and CLEO yield tor the mass difference 
M{.B°) - M(B') = 0.3 ± 0.0 MeV and thus a production ratio [3] : 

~ = ifB" B*B- = 50±S.o : 5 0 ± 2 . 5 = 1.00±0.08. 

b J * 
£p(B") V„b,V,b 

d 

-^ u,c 

(u) 
d 

(0) 

Figure 1; W-excbange diagram for scmileptonic B-meson decays. 

Figure 2: Diagram for B$ pair production via. the T(4S) reaammw. in «*<" 
annihilation. 
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' This ratio was used for the results giviiti in this writ cup. 
1 The results presented in the following were obtained from data token with the 
7 ARGUS dctectur [4] on the T(4£) resonance and in the nearby continuum. The 
i integrated luminosity of about 160 pb'1 collected at the T(4£) yields roughly 
•? 300K B mesons. The conLimuuu duta, necessary for the subtraction of non-
•; resonant background, correspond to an integrated luminosity of about 60 pi" 1 . 

2 Semileptonic B-Decays into Charmed Final 
Sta tes 

2.1 The inclusive lepton spectrum from semileptonic fi
de cays 

The aemileptonic branching ratio for B-decays can be determined from the ifictu-
Bive leptou spectrum measured at the T(45) resonance. Figure 3 show* the con
tinuum substractcd spectrum which U well described by the contribution from 
primary B-decays (dominated by b —» c transitions) according to 

B -«lvX 

and a softer component from secondary charm decays. As will be shown in 
the following section the dominant part of the seuiiteptuuic B-decays proceeds 
via the exclusive channels Dlv and Dmtv* Since the theoretical models for these 
decays have now been tested experimentally, the uncertainty m the extrapolation 
of the lepton spectra to lower momenta is much reduced. Being consistent with 
the experiments the ACM model |5] baa been used by ARGUS to obtain the 
semileptonic branching ratio of B-mesons [3]: 

BR[B^WX) = (10.3 ±0 .7 ±0-2)%. 

Simitar results have been obtained by the CLEO and Crystal Dull experiments 
[6,7|, yielding an average of (10.9 ± 0.6)% [3|. This is somewhat low compared 
to spectator model predictions of about 12 to 15 % [8J. Since the sonikptonic 
decays can be more safely estimated than the hadronic ones this result asks for 
more detailed investigation of the hadronic channels. 

While the semileptonic branching ratio is nearly independent of the values 
of the CKM matrix elements the scmilcptonic width, 

r - 3 a 

depends according to Eq. (2) on Va and V^. Willi the measured average buiuly 
lifetime rB = (1.15 ± 0.14)10- , : 1 j [9) mid for |VU!/|V d | < 0.2 we obtain: 

|Ki| = 0.046 ±0.005. 

The main uncertainty in this value comes from the mj term in the width formula 
(2)-
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0.0 1.0 2.0 

[GeV/c] 
3.0 

Figure 3; Inclusive electron spectrum at the T(45) resonance after continuum 
subtraction (dashed-dotted curve: electrons from primary B-decays; dashed 
curve: electrons from Mtondary chum decays), 

I 

2.2 T h e decay B° -> l > - l + v 

2.2.1 Branching ratio 

The branching ratio for the decay1 

BQ - IT'!** 

hns first been measured by ARGUS [10]. With new values for the branching rn-
ticsinvolvcd in the analysis, DR{D'~ -> TFs~) = (57±6)%|ll| andflfl(T(4S) -
B°B°) = b0% (see Sect.1) the experimental result is now: 

BR{B° — D"l*v) = (5.4±0.9±1.3)7o. 

The D*tv final state has been selected using A missing mass technique. With 
the approximation of zero B-mraon momentum, pp~ 0, one con determine the 
mass recoiling against D'l according to: 

AC(D'I) « \EB - iBu* + m7 - Kh + fif <*) 
The recoil muss spectrum in Fig.4 peaks around aero, i.e. at the v-mass. Only 
the background at positive MJ^ con be due to B-dccays into D*lv plus additional 
particles, EVom the measured spectrum the following upper limit for audi a 
contribution, which would also include higher D* excitations, was obtained: 

BR{BP-tD'-l+v + X) < 1.4% (M7o cl). 

2/1.1 The fielicity structure of the decay B° — D"IV 
The decay amplitude for B — D'lv contains three form factors, T-(g7), T+{q*), 
L(<p)i, which determine the contributions from D* helicitics -1, +1 and 0, respecti
vely. These formfactors depend on the invariant mass of the Icpton pair, q7, 
which is equal to the virtual maw of the W (Fjgvl), 

In the i'V rest frame the angular momentum cotnpottcat in the direction 
of the lepton i" is, for sufficiently light leptons, fixed to be -1 due to the V-A 
coupling (Fig,5a). Thus each D' helicity (in the D' rest frame) yields * di
stinct distribution of the D* direction w.r,t. the lepton direction, in particular a 
forward-backward asymmetry for the ±1 contributions. This allows in principle 
to measure the three form factor* separately. 

The helicity of the D* can also be determined from the decay angular distri
bution of the D* which is observed in the decay mode 

D*~ - Z?x', 
tRefciaice <o a specific dtuge atate if uodenrtood to include alio lb« coiteapondiDg cbuge 

cofjugile tUle. 
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Figure 4: Invariant niasa of (he system recoiling against a D'l combination. 

Tlic polar angular distributiuii of the juun in the D' rest (ratnt w.t.t the D* 
direction (Fig.Sb) can be written na: 

«<:os9" rT 

P(, unci Ti axe tLe widths for the B'E decaying into longitudinal and triumv^rse 
D*% respectively. FT includes both hell cities +1 und -1 (they can be separated 
by measuring the D* production angular distribution as described abuvi-). 

The B- distribution measured by ARGUS (Fig.G) yields [12] 

a = 0.7 ± 0.9 

and 
lr = 0 . 8 5 ±0-45-1 T 

Tins measurement excludes theoretical models with a V^JTj ratio larger than 
2 [13,14] and supports those with TL{TT around 1 [15,10,17]. 

Because of the correlation between the helicity and the production augh: uf 
the D* the T ^ / F T ratio influences also the kinexnatical variables of the k-ploiiy. 
For example, dominance of T_ would yield & hard spectrum for the charged 
Ifpton which has to recoil in this case against the D* and the f (see Fig.7). 
Figure 8 shown theoretical distributions for the lepton energy Ei and thu Icjitnu 
pair invariant mass, q7. The measured distributions in Fig.D confirm the result 
I W r r f t 1(115.16,171). 

With this result on Cct which was also confirmed by CLEO [18], WK have 
obtained a better understanding of exclusive scmiluptonic B-decays. The sy
stematic uncertainties in necessary extrapolations into uuacccs&ible Linen mticnl 
regions (leptons can only be identified above -"l GeV) and in the description nf 
the inclusive lepton spectra are now considerably reduced. 

2.2.3 Vth determination 

The measured branching ratio can be related to the matrix clement, Vd,: 

fljacn0-. ir-jno = r a|Kii*fT(i+rL/rr) <o> 
where fV can be more reliably calculated theoretically than T/,, Tr separately. 
From the measured branching ratio and r^/IY one obtains 

JK*1 = 0.046 ±0.009. 

Here f j =» 12 • 1 0 " j - l [17,19] has been used; the model uncertainty is about 
10%. 



Figure 5; (a) Definition of the D' production angle 6 in the In CM-system. 
(b) Definition of the D' dccAy angle ©" in the D' CM-system. 
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Figure 6: Measured D' decay angular distribution. 
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Figur# 7: Sketch of helicities and kinematical constraints in the D'lv system in 
the case of TL dominance. 

E, [GeVl 

Figure 8: Theoretical prediction for the tcpton energy and if distributions for 
B -» Dlv and B - . D'lv (from [!6|). 
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Figure 9: Measured lepton momentum and q7 distributions for B° -» D*~l+v 
compared to the predictions from [16]. 
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2.3 The decay B° -* D"l+t/ 
Involving only one form factor the decay 

may be even more suited to determine V&. However, experimentally this chan
nel is mare difficult to analyse since the signal-to-noise ratio for the D mass 
reconstruction is much worse than for the D*. 

The ARGUS group reconstructed the D decay mode 

For lepton momenta, between 1 and 2.5 CeV and momenta of the D candidates 
between 1.5 and 2.5 GeV K+ir~x~ mass spectra are shown in Fig. 10. The three 
plats are for different masses recoiling against the K*v~ir'l* system (recoil 
masses calculated as in the D* case). A clear i5"-signal is seen for recoil masses 
around zero, i.e. the centrum mess. Fitting the K*x~ir~ spectra iii Ai*K bins 
yields the number of D's as a function of M?u (Fig. 11 a). There is a background 
from the decay B° —* tF'l+v where the D" decays into a D~ and a n° or 7 (note 
that this is the only way to get charged D's via Z>* decays). This background 
has been determined by measuring the corresponding decay chain 

The obtained recoil mass spectrum in Fig. l lb has been subtracted after proper 
normalisation. 

To de termite the decay branching ratio the extrapolation lo unobserved lep-
tonmomtnta-waadDneusinglhe\VBSmodt:lil5). Vi'ti&kBIt[D~ -t K"*ir" f ) = 
(9.1 ± 1.4)36 and BR{T(4S) -»B°B°) = 50% ARGUS obtaios [20]: 

BR(S° - D^l+v) = (1-7 ± 0 . 6 ±0.4)56 

and 
J J _ J ? K ( B ° - > - 0 - ' ' - ) _ , , * , , 
" " BRlIf - D-l*v) ~ 3 3 " " 

The latter ratio is consistent with the models in [15,16,17,21]. Using the average 
B lifetime as before one obtains the partial width 

r(fl° - D~l+v) = 0.016 ±0.007 

which yields for the WBS model [15]: 

\Vd,\ = 0.042 ± 0.008. 

The model dependence of this value is smaller than the experiment id errors. 
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Figure 10: Invariant mass spectra of K + jr _ w~ combinations in events which 
contain a I* h.'pton. The spectra are given for different invariant masses of the 
system recoiling against the the K*Tt~r~l* combination: 

(a) -1.5 < Mi„ < -0.5 G e V , 
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Figure 11: (a.) Distribution of the invariant mass recoiling against the D't* 
system. The duhed curve shows the contribution from the cascade decay 

(b) Distribution of the invariant mass recoiling against the D°l* system with 
the D° originating from the cascade decay B° -* D"l*v (used lo delcnuine 
background in (a)). 
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2.4 Thfj lifetime ratio of charged find neutral D mesons 
The "average bottom lifirtiii*" r a us used above has been measured At PEP 
uml PQTI.A ami iit ait average over oil but Loin hadiuiitf an produced in b-jets. 
Since the knowledge of the lifetime L necessary to relate the meaiHircd branching 
ratios to <hc thesietic&Jly i liter?* thlg partial widtlu it is important to know if 
neutral and charged B's have the same lifetime. Remember that the charged D 
Hicboiis live about two times longer than their neutral partner*, fn 0 decays this 
r».ii> in miperLcd to be closer to 1 {22}- Si net in the upectator mode) no difference 
between neutral and charged B's id expected any deviation of the ratio from 1 
wigiuils nun-spectator contributions due to strong interactions. 

Excepting for the scmileptonic width the spectator model prediction 

r«(ii*) = rSL{B°) 
one ubtoiiiK with „ « , „ BR(B-*lir + X) 

Vst s= 

the lifetime ratio in terms of the seinileptonic branching ratio*. 

W ^ f r + X) 
' BR{BP,B*^lv + X) V J 

Since it IH known that the exclusive channels B —* D'lv and i l -» /)/»> contribute 
a large fraction to the aeinilcptonic decays it appears imfe to uturac that tlje 
ratio of ueinileptonic brandling ratios is already determined by these exclusive 
ctiCuinels: 

BR[B*-*lv + X) _ BR{B±-+D*JDiv) 
BR[U°JP -* Iv + X) ~ BR{B°tB°-+D~/Dti,y 

The ARGUS group considered the following decay chain: 

T(4S) 
1 

1 

.1 
J* 

1 
1 

1 1 

j-h 
D ° I * I 

In tliis schfinc charged B mesons always end up in neutral D meioru while 
neutral fl's go mainly into charged D'a with the exception of the path with 

D'~ -* &>TI~. Thus one iimla the formula 

r*/T° = /° mm*)-N(D~l+.D- -x-TP) 

where the rates of 5 ° !* , i>- (t and £>-/* (/J— - . i t ' B 5 ) huve to be lueasnicd. 
After the correction for Coulinuuin, fakes and uiicorrclatcd paira, ARGUS finds 
363 ± 38, 193 ± M and 57 ± 12 pairs, respectively. Assuming / " / / » = | this 
yields: 

T*IT* = 1.00 ±0 .23 ±0.14, 

confirming the theoretical expectation of ncurly equal lifetime}! [22]. With the 
applied method the determined lifetime ratio is found to be rather insensitive 
to contributions of excited charm states to the bciuilcplouic U-decuy*. 

i l -



3 CFiarmless B - D e c a y s ( b - t n Trans i t ions ) 

!3-ili'<-ny» Willi no rlinnitnl particles in tin- final stntc are n sifilinl for * — u 
transition:' (Kig.12). Exmimles for exclusive rhftliwls are tile scillilcptoilic decays 
D - . (>h niul li - nlv (correspnudiiip; to B - . CT/DIv in 6 - • c transitions) or 
Ite lunlninic dcniy 0" — J V . 

Involving n transition between tin.' S'J mid (lie 1" ncncrntioit, k -r u decays 
nrc much larcr Hum b -» c decays which connect two adjacent generations. 
Therefore, unlil recently only upper limits oil I) — u transitions were obtained. 
After the premutation of this talk AIKSUS found evidence Tor » - u transitions 
from tin- inclusive luplmi spectrum with • significance ol more than 3 «tandiird 
deviations (see below). In the following we discuss the dilTcreut approaches to 
determine the nmtrix element V^. 

3.1 V„i, determination from clinrm counting ? 

The decay width of Ullicsons is essentially given by the b -» U and b - • e 
transitions: 

l-(B) ~ WJ' + W*? ( D > 
when- /„ anil / , Hike into account plin.se jipnre and hadronie effects. Since c 
quarks can also be produced at 'lie seronc H'* vertex, about 1.15 c or c quails 
arc expected per 1) decay via b -• c transition. ARGUS finds from all measured 
decay modes 098 i 0.10 ± 0.08 c or e per D-deeay |23] (Table 1). That leaves 
room for about 207» b -» u transitions hut poses no real constraint compared to 
other limits. 

Decay Branching Ratio [%] 
ARGUS 

D -. VfX 
D - D+X 
D -> D,X 
B -* "A,"X 
2 x B-> J/+,V,XtX 

46.6 ±7.1 ± 0 3 
23.2 ± 5.3 ± 3.5 

1 6 ± 4 ± 3 
7.6 ±1.4 ±1.8 

4.2 ±1.0 

E 98± 10±8 

Table 1: Inclusive branchingratios for B mesons decaying into charmed particles. 

3.2 Exclusive charmless B-dec ays 
3.2.1 Exclusive neinilcptonir decays 

The AHGUS group has searched Tor the decnys 

employing *h« missing mass technique as for B -* D'/Dlv. Figured 13 and 
14 show the distributions nf masses recoiling against the p0/1" and the »~J* 
systems, respectively. A huge background at positive JW*fC extends above the 
signal region. No excess above the background described by the wrong charge 
combination in observed around jtf*rf = Q- The upper limits on the branching 
ratios and on V^ derived from these plots arc model dependent and nrc listed 
for three different models in Tabic 2-

Decay GISW |17| WSB |15J KS |1C) 

B* -pl'v 
BR 0.8410' 

13.310-' 
0.30 

1.0010-' 
8.4-10-' 

0.17 

0.90-tO-' 
s.oio-3 

0.15 

Bf - * . V 
BR 

IM/I^I 

1.0410"' 
21.010-' 

0.47 

0.77.10"3 

9.G10-' 
0.19 

0.7710-3 

9.710"3 

0.21 

Combined 
l̂ -*1/|K.| 

13.210"' 
0.29 

7.410-' 
0.15 

0.7-10-' 
0.15 

Table 2: Upper limits {90% c 1) on exclusive scm'rteplonic B-dccays. 

3 .2 .2 Exclusive hadrontc decay* 

The ARGUS group searched also for exclusive" hadronte decays with u plans in 
the final slate (n = 2,3 t4,5). No signal* were observed and the Upper limit.* listed 
in Table 3 were obtained. As an example the search for the decay B° -* *+*" 
is illustrated in Fig.15. 

ARGUS previously reported the observation of the charmleM decays B* ~* 
pj»»* and B° - • pp*+n~ 124). This obyrvatioH c w U not be confirmed by CLEt) 
[25]. In a new data aet (-60?a of the old one) ARGUS alio Sad* no signal. 

http://plin.se
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Figure 12: W-exchange diagram for 6 -» t i transition*. 

JiO 
• 

30(1 Aft % ?M> r'l s 2 0 0 Cltfctror»n / i 
% 150 r \ 

IUL) ] 
iO i 

4DO A 
JOO A *v« r ^ 
I 0O r I 
1O0 

/ •M 
Figure 13: Invariant m&ss of the system recoiling against x*x~c~ and »+ff~/i~ 
combinations {jr^x'-miiss in p band) in T(45)(Jecays The histogram describes 
the buckgiuiuid iu obtained froia like-sign pion pairs. 

(GeV*/c*J 

Figure 14: Invariant mass of the system recoiling against x+l~ combinations 
iti T(45) decays. The histogram describes the background as obtained from 
Hkc-i ign pioQ-lef ton pairs. 

Figure 15: Search for the decay B° —* x+n~: continuum subtracted it*x mass 
distribution. 



Drcny ARGUS CLEO Theory 
divvy=0.1) 

Drcny 

5.0- 10-' 2.e-]o- ] O.G(13) 10"' 
»**- 1.B-10-' 0.8 - IB 7 '" 2.0(2.fi)-10- !' 

»*!*»- 8.0- HI"' 1.9-10-* fi 10- ! 

A* 1.9' 10"' 1.7-10-' 2 -10" 0 

»»>T-»° l.S 1 0 ° - 2-10-* 
A° 4.3- \0'i - 2-10-" 

JI"* 7t+jr"ir~ 1.0 10"' - 1 - 10-* 
i r 1 * * * - * 0 S.4 10- 3 - 4 10"' 
* + jr-*"jr 0 5.7 10- 1 - 5-10"' 

(>V 4.2. 10-' 
1.2-ID"* 

- 5 10" s 

1T*2T + 2 7 I -
4.2. 10-' 
1.2-ID"* - 2 10"' 

3CT+3IT- 3.3 It)- 3 - 2•10"' 

Tabic 3: Upper limits (30% cA.) on D decay branching ratios into multi-pion 
furnl states. 

3,3 The inclusive lepton spectrum from semileptonic B-
decays 

Tlv* tcincmatical limit for the momenta P!" tcptons trom scmilcptonic b —* c 
transitions is 2.3 GcV/c, while the Iepton momenta in the corresponding b—ttt 
transitions go up to morn tlnui 2,fi GeV/c. Thus an excess in the lepton spectrum 
(Fig.3) between 2.3 mid 2.6 GcV/c is interpreted tu a signal for 6 - • u transitions. 
Tho analysis is complicated by a large background from the continuum. At 
the time when this talk WAS presented CLEO |2G] and ARGUS had reported 
BTI enhancement fqr large lepton momenta with a significance of 2.2 and 1.7 
standard deviations, respectively, Only a Tew weeks later a new ARGUS analyst 
ww presented at the Lepton- Photon Conference yielding A 3 3 a signal for b -• ?i 
transitions. The determination of VB, from this analysis is model dependent 
Using the ACM model |S] yields: 

|V«*|/|V,* = 0-10 ±0.02. 

For more details sec the Proceeding of the Lcpton-Photon Conference [27]. 

4 Update of B° - B° Mixing 

4 . 1 I n t r o d u c t i o n 

In the standard model D° - B° transitions can occur via the box diagram 
fjFig.1-0). Including this interaction which mixes the flavour eigcustatea tP and 
D° the corresponding mass matrix becomes non-diagonal: 

\*v Vwr.-in. M-\T ) \if). 
Diagonalizing this matrix leads to the moss etgenstates: 

°'* = ^(\D°)±m). 
Vice versa, a pare B" {or fl°) state (as produced in strong intcrnctions) vnn lie 
represented by 

Due to the different time evolution of B% and tfj an initially pure B° (W) 
slate acquires B° (JJ°) components with an oscillation (.equeney proportional 
In AM, the difference in the masses of the B\ and B% states. Figure 17 shows 
for JHI initially pure B° beam haw many particles decay after a time t as B7 or 
an B° (the upper and lower shaded areas, respectively). The ratio of the timr 
integrated number of B° and B° depends o n i = ^ » which is a measure for 
the number of oscillations per lifetime: 

N{B>-.B°) 2 + j ' l " " 

At the T(45) the initial £ ° B ° pair can oscillate into three passible configuinti 
ona: 

— BfBf 
7 ( 4 S ) - . B°B" — EPB° 

- . B"B° 

The same r defined above for single B's is now given by 

N{B°B°) + N(SSW) 
JV(B"flS) l 

Before the discover}- of B" - "5° mixing by ARGUS in 19SG the mixing pa
rameter t was predicted to be of order 10"'. ARGUS measured r = 0.21 ± 0.08 
using T(45) data corresponding to an integrated luminosity of about 100 ph~i 
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Figure 16: Box diagram for B° - B5 transitions. 

Figure 17: K" - fl» oscillations fur (a) x=0.73 and (b) x=10. 
Starting from pure B"'s nt t=0 the shaded area under the full curves give the 
time dependent rule to decay as B" (upper part) or us 5 ° (lower part).The 
dotted curve gives the decay probability without oscillations. (From [29)). 
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\2&\. Now the analysis has been updated and extended with ari additional 70 

Basically Ihe an&Jysitt method employs the scmiltptonic decays to determine 
from the charges of the observed leptons if a Da or B° has decayed (Fig. I): 

B» _ ,+ + X , fl° - l' +X. 

Another possibility (3 to tag 0 ° , BQ by the charm content of D* mcaous ubser-
vtd in the decay. Spectator diagrams yield only charged 0*'s front the i n c 
transition; 

B° — P * " + J t , 5 ° - D'* + X. 

4.2 Mix ing analysis 

To update the original result on B°-B° mixing the ARGUS group has followed 
three approaches which differ in the systematic uncertainties involved. The data 
samples for these three analyses are mutually exclusive so that the results arc 
statistically independent. 

4.2.1 Lepton-lepton correlations 

For this analysis events with two fast leptons arc selected. The leptou spectrum 
in Fig.3 suggests to require for u "fast" lepton: 

p, > lAGcV/c. 

This cuts off the background from secondary charm decays which contributes 
mainly to like-sign lepton pairs (i*/*). The remaining background is subtracted 
using a Monte Carlo simulation of D-decnys. Tin: dominant backgrounds for th« 
unlikc-sign lepton pairs ( i + f " ) are: 

• converted photons, 

• J / * - » / * / " decays, 

• leptons from continuum cc j<?t9. 

The corrections are obtained from data and Monte Carlo siiimlntumu (Table 
4). The mixing is then determined by the ratio of observed like-sign to wilike-
sign lepton pairs. Correcting in addition for seinikip tunic decays of charged B's, 
B * —»/* + X , which do not show mixing, yields: 

r _ \N(i*n + N(,ri-)]o + \) 
~ N(l*l-)-\N(l*t*) + N(l-l-)]\' l " ; 



C * ^ „*„* e*,!* e+e- u+jr e*/i* 

T(4S) + Continuum 
Cuntinuuin 

T(45) direct 
Corrected for J/V' cut 

15 
0 

15.0 
1S.0 
±4.9 

21 
1 

18.1 
18.1 
±5.2 

34 
1 

31.1 
31.1 
±6.3 

1D2 
2 

96.1 
112.3 
±10.9 

97 
3 

88.2 
103.2 
±11.1 

204 
2 

198.1 
198.1 
±14.9 

Background 
Fakes 

Convention 
Secondary decays 

7/V' decays 

1.8 
0.3 
4.G 
0.G 

4.0 

2.9 
0.3 

6.7 
0.3 
7.2 
0.8 

3.6 
0.3 
1.9 
0.6 

7.0 

1.2 
0.3 

13.2 
0.3 
3.0 
0.8 

Sigikol 7.7 
±4.9 

10.9 
±5.2 

16.2 
±6.3 

105.9 
±10.9 

94.7 
±11.1 

180.7 
±14.9 

Table 4: Lepton - lepton correlation rates. 

The charged B contribution is described by 

In the previous ARGUS analysis A = 1.2 was used. With the experimental 
results /* / /* ra 3 (see Sect.l) nnd T*/T° W 1 (aec Sect.2.4) we now assumed 
X — 1,0 and obtain 

r a 0.20 ± 0.06 i 0.05. 

4.2.2 D'lf - lepton correlations 

The uncertainty in the charged B contribution can be avoided by reconstructing 
one B° or J?°. ARGUS used the reconstructed B -* D'lv sample described in 
Scct.2.2. In addition it is required that the D"l pairs are correlated with a fast 
lepton (pi > 1.4 GeV/c). After background subtraction only about 6 mixed and 
25 unmixed events remain (Table 5) leading to 

r =, 0-24 ±0-12 ±0.02. 

N(D'+[-(-) N(D- + i"J f ) 

T(4S) 
Background 

8 
1.9 ± 0 . 5 

27 
1.7 ± 0.5 

Signal 6 1 ± 2 8 25.3 ± 5.9 

Table 5: J?**/" - lepton correlation rates. 

N ( D - * ! - ) N(JJ-*7*) 

T(4S) 
Background 

7 
2.0 ± 0 . 5 

23 
2.3 ± 0 . 5 

Signal 5.0 ±3 .1 20.7 ± 5 . 5 

TVble 6: D'* - lepton correlation rates. 

4.2-3 D* -lepton correlations 
In the spectator model each charge state of a B-meson decays into a specific D* 
charge state; 

B° _ D-+X; 
B° -t D'*+X\ 
fl+ -* 5=5+ X; 
B~ -» D*° + X. 

Thus we pick out decays of neutral B's by correlating Dw± with fast Icptons, 
e g -

B°B° -* /3 , + i++Jf; 
B°B° -» D*+/-+JC. 

To exclude D*l pain from the same 8 decay the recoil mass is required to be 
in the unphycical region, M ^ < -2.5 GeV (Fig-18). The observed rates (Table 
6) are fcf for the D*tv- lepton correlations statistically not competitive with the 
lepton • leptofl correlation. But in both methods the uncertainty due to the B* 
contributions is absent. The result from the D*-lepton correlations is 

r = 0.24 ±0 f.6 ±0.03. 
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Figure 18: Invariant mass distribution of the system recoiling against (a) D*~l* 
and (b) D*~i~ combinations. 

4.2.4 T h e combined resul t on mix ing 

Combining the three different methods the average value for the mixing para
meter becomes: 

r = 0.21 ±0.00 ±0.04. 
A similar result was obtained by CLEO (r = U.24 ± 0.1C ± 0.03) [30]. 

With r = = 7 ( 2 + i a ) follows: 

i = A A i / r *= 0.75 ± 0.18, 

and with T from the average B-Hfetime: 

A M = (4.2 ±1 .1) I Q - 4 eV. 

Thus A.A/, the Bt - £ 2 muss difference, is about 100 times larger than the 
corresponding one in the A' 0 system. 

4.3 Implications of the mixing result 
In the standard model with three generations the mixing parameter x is given 
by [311 

1 = wBBl*B"',T,m'm*F{ii;)'i<>c'>- ( M ) 

From this formula one can obtain a constraint for the CKM matrix clement 
K ^ u a fuuctiaii of the top mass m ( (Fig.19). Considerable efforts huve been 
made both experimentally and theoretically to fix the ntlicr, a priori unknown, 
parameters in (14) {see the discussion in [32]). 

Unitarity of the CKM matrix requires for three generations |K,j| < U.01S. 
This limit applied to the plot in Flg.19 yields 

mt > GQGeV. 

The theoretical upper bound of the top muss, mt < 100 GeV (33j, requires; 

\Vti\ > 0.007. 

Since for B, — BM mixing the same formula (14) applies with Vu replaced 
by Vu one obtains rather relieve predictions for B , - ~B, mixing. The unitarity 
bounds of the CKM matrix jield 

id \Vu\2 

The corresponding r-paxameter is near its maximal value, i.e. the oscillation 
frequency is large compared to the scale set by the lifetime (Fig 17b) 

r . > 0,8, 
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Figure 19: Allowed range for |V,d| and m, (from [1|). 
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With such fast oscillations the tiui? integrated mixing effect becomes insensitive 
to the exact value of x , or r J t which cnn only be overcome by measuring the time 
evolution of the mixing. Such measurements w e pnrt of the physics programs 
for asymmetric B-meson frrioric* (sre P.R. |34j), 



5 A New Vertex Detector for A R G U S 
In currant experiments B mesons decays can only be reconstructed with efficien
cies around 10" 3 . This is mainly dim to combinatorial background, aince at the 
T(4S) the D-mcsoruj are produced nearly at rest mid thus the decay products 
of both D'a are completely intermixed. With a very precise vertex measurement 
it should be possible to tag P decnys (nvcrngc dccuy length nt the T(4S): 60 
pm for D° and 130 fim for D£) thus reducing the combinatorial background. 
(Separating the two B wertioa (decay length about 25 um) is much more dif
ficult.) The ARGUS collaboration is currently building a new vertex detector, 
the Micco Vertex Drift CUmntw {pVDC). The design of the chamber optimises 
the fallowing requirements: 

• low multiple scattering 

• high position resolution 

• uiulti-truck separation 

» three-dimensional vertex reconstruction 

» small lever turn to the interaction point. 

These requirements are met in the following way : 

• At the T(4S) the average momenta ait: about 0.5 GeV/c. This require* 
a particular/ low mass detector to minimize multiple scattering. At the 
time of the design it was found that only a drift chamber could meet the 
requirements (sufficiently thin double-sided silicon strip detectors were not 
available). 

« The precisian io the position measurements is achieved with pressurized 
slow gages. For example: with COj-propans in & 00:10 mixture and 4 bar 
pressure resolutions down to 20 p"* were reached [351-

• Track separation will be achieved by making the cells sufficiently small 
(5.2 mm x 5.3 mm , Fjg. 20). 

» Monte Carlo studies showed that a good track reconstruction in space is 
necessary to reduce false vertices [36}. This requires about equal resolu
tions in the projections perpendicular and parallel to the beam (r-^ aud 
r-z). This requirement is mvi by an unconventional arrangement of the 
sense wires under extreme stereo angles (±45°). Figure 21 shows tlic me
chanical real 12 at ion of this concept: In 12 layers the wires wind at +45* or 
-45* around the beam pipe, supported by five Beryllium vanes which carry 
jewels as insulating feed-tUrouglw, The two innermost and additional two 
intermediate layers have axial sense wires. 

0.25 m m 

Figure 20: Drift cell of tic ARGUS flVDG with isochrones for COj - propane 
(90 ; 10 , 4 bar). 
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• A good vertex reconstruction requires a small lever arm from the detector 
to the vertex region. Therefore ARGUS wants to use an extremely narrow 
beam pipe, with a diameter of 38 mm made of £00 fan thick nnrylliiim 
(fiis. 22). 

The beam pipe ha* been tested in the farmer Crystal Doll interaction region ot 
DORIS- Most importantly, it was found that the beam pipe does not disturb the 
machine behaviour (this was still true for a IS mm diameter tub? tested later}. 
However, the background from synchrotron radiation wag found to be ton large. 
This background is mainly due to backseat ten; of a moveable Cu-scrapcr which 
is necessary to shield the Be-tube from direct synchrotron light {Fift. 22J. The 
tested Be-tube had a 8 t*m Cu coating at the inside; a more favourable 50 fan 
Al coating was not possible for technical reasons. The collaboration decided on 
two measures to reduce the synchrotron radiation : Firstly, the Cu-scrapcrs will 
be coated with Titanium on the edges facing the interaction region. Secondly, 
additional dipole magnets, one on each aide of the interaction region, will make 
the final bend smoother. This implies that the synchrotron ladiatton from the 
quadrupoles will now become the dominant background. 

The new pYDC is currently huilt and will be installed at the end of this 
year to be available for the 1990 running of ARGUS. 



6 Summary 
The results from the ARGUS experiment reported in this talk are mainly on 
sentileptonic B-decays. Since the dependence of semileptonic decay rates on the 
quark transition probabilities are expected to be reliably calculable, these decays 
are most frequently used to determine the CKM matrix elements. 

The ARGUS collaboration determined the matrix element Vd, from three 
different semilep tonic channels: 

B - i D'lv : Vg, = 0.04G ± 0.009, 
B-iDlv : V a = 0042 ±0.008, 

B - l + X •. VA = 0.04S± 0.005. 

A study of the D* helieity in the decay B° —* D*~t*v yields for the ratio 
of 0 to ±1 helieity states: IV/IV *= 1- This result discriminates between 
different models and allows for a more reliable description of the lepton spectra 
in semileptonic B-decaya. 

From semilep tonic B-decaya ARGUS determined also the lifetime ratio of 
charged to neutral B's: 

T ^ / T " = 1.00 ± 0 . 2 3 ± 0 . 1 4 , 

(This result assumes the charged to neutral B production ratio at the t(4S) to 
be/V/°« I)-

In order to determine the CKM matrix element Vu the ARGUS group sear
ched for B decays into charmless final states. No such signal was found in exclu
sive channels. Upper limits were derived for the semj lep tonic decays B* —» p0!*-? 
and B° —* x~l+v and for B decmys into n pions (n = 2,3,4 „5). None of the limits 
is in conflict with standard model expectations. 

Recently, the ARGUS group found evidence for b -* u transitions from the 
inclusive tepton spectrum of T(4S) decays with a significance of 3.3 standard 
deviations. The result for the CKM matrix is 

|Kil/ |Va| = 0.10 ±0.02. 

With improvt-d statistics ARGUS updated the results oit B° - BJ mixing. 
Mixing has been observed in lepton - lepton, D* - lepton and D'lv - lepton 
correlations, leading to the combined result: 

r = 0.21 ± 0 . 0 6 ±0 .04 
AAf = (4.2 ±1.1)-10"* cV. 

This constraints standard model parameters (using in addition the theoretical 
bound m-, < 190 GeV and \VU\ < 0.018 from unitarity): 

rn, > 60GeK 
\VU\ > 0.007. 



The ARGUS detector will bo upgraded with a Micro Vertex Drift Chamber 
in order to improve the B reconstruction efficiency by Lagging D's via their decay 
vertices. Novel features of the chamber arc: 

• extreme stereo angles (±45*) to ensure optimal fcpatval resolution necessary 
to suppress fake vertices; 

• a narrow beam pipe (37 mm diameter) allowing for a short lever arm for 
vertex reconstruction. 

The new beam pipe has been tested to work in the environment of the DORIS 
machine. 
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A REVIEW OF RECENT RESULTS ON THE H ADRO- AND 
PHOTOPRODUCnON OF CHARM 
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Baiavia. Illinois 60510, USA 

ABSTRACT 

The maty of ctanr? toko- and pfcxopruluaiai it a very active field with several liicd LUECI cipcriiiKnu 

currently latyiinf kith siatillKS data samples and others preparing for daunt ing . In lliis ulk I will 

•evicw tone of ike t a o u r c c m results from FtjmiUband CERN eijWHiKnu, anil d i m s j Ike pimpcm 

for the near future, la ikis brief review it win he possible only to point lo sumc of llic nitnt interesting 

or awiDvenii l aspects of ike rendu, not lo discuss Diem in deplM s p c A ^ e f « Ihsc shortcomings. 

1. Introduction 

!n the study of heavy flavor production the goal i i to understand the dynamics of quark 
and (luon interactions. In QCD the lowest order processes are photon-gluun fusion fur 
photoproduction | 0 ( o , t i , m ) | , and quark-quark and gluon-glunn fusion fur 
haoVoprooucuon |0<a*)l. 

Pncltm-CluonriHlw) OtMrfc-fltMric Fusion Gluon-Blum Fusion 

© J . Spalding 1080 



lit the lasl couple of years the ncxt-lo-lcading order diagrams lO(o^) and 0 ( n , 3 n e m ) | 

have been calculated. (Sec K, ENis coniribuVions 10 this summer school.) The 

conirihtiiiiMi of ihesc diagrams docs not change the differential shape of the cross section, 

bin is tarter in magnitude than ihc leading order coi.iribu.ion. At firsi glance this is 

disturbing behavior for .1 petturhatibn scries which is expected to converge, however Ellis 

ct a), point out thai ni ihc ncxl-tolcading order level new processes involving gluon 

exchange diagrams can comrihuie, which don't exist at lowcs. order, Lowest-order 

calculations required cither a low value for the charm quark maw (around l.l Gev ) 1 or a 

higher value wilh an ath.irary "K-facior" to account for ihc magnitude of the cross section 

{eg, trig = 1.7 OcV and K= <i) 2. The ne*t to-leading<vdcr calculations can accommodate 

the data with a very reasonable mass of 1.5 GeV or higher without the need for a K-

facior. Ellis and others stress thai the charm quark mass may be too light for the reliable 

application of pcrturhaiian theory, but the agreement with I he data is encouraging. 

The data are usually described in terms of an energy dependence for the total charm 

cross section, and by the differential cross section, usually parameterized as: 

d o / d i p = (J-xp)n and d o / d ^ 2 = e'^P, 2 . Most of nur knowledge of the charm cross 

section comes from the dominant decay modes of D ^ and D * mesons. i.c. the high 

statistics channels Tor which the branching ratios are well measured. In pfcriopnxlucooa 

there arc now high si a lis Lies experiments covering large overlapping ranges of photon 

energy, and the experimental situation is in re 11 lively good shape. In hadroproduclion, 

[lie situation is less clear. High statistics samples are only just becoming available, and 

the problem is compounded by the need to compare and combine the data from 

experiments with low statistics, typically in • limited number of c h u m modes, using 

different projectiles, and very different target materials. An understanding of the A -

dependence is essential to compare these results, and is in itself ait important 

measurement- The existence of a "leading particle effect", where charm particles which 

'hare a valence quark type with the beam particle are produced with a more forward xp 

o. 'ion, has been a much discussed issue lately. While the direct experimental 

cvtdeiL - such an effect is now weak, there arc several reports o f the forward 

production . charm bnryons. The present and next generation of experiments are 

addressing ihese issues with higher statistics measurements from a variety of targets and 

beam panicles. 

Table I contains a list of the experiments discussed in this review. We wil l start by 

discussing two experimental issues in extracting the rare charm decays from the common 

or garden total cross section events. Then we will briefly review the status of the data in 

photoproduction and hadroproduciion for the total charm cross section, Finally wc will 

take a quick look atlhe controversial, but rather sparse data on charm baryon production. 

Table I : Experiments Discussed in this Paper 

B.Mn Tarsal Triflotr De l , Sample 

E691 

HA 14' 

E607 

T, 90-260 GaV 

1. 40-120 G.V 

1, 160-350 G.V 

da 

SI 

a . 

Tranivt r » Energy 

rMlipitctty 

Intaraction/Enargu. 

I00M 

n t i 

75M. -

BIS-2 

E400 

NA27 

574J 
NAJ2 

WAS2 

E653 

E769 

£701 

n.<£n> = 56 GaV 

n.<ElD* 640 GlV 

*~.V 300 GaV 

p 400 GaV 

0 M O G . V 
* " * " , » " 200 Gav 

730 G.V 

*'.*'»' 340 GaV 

D. SOOGaV 

%-. 600 GaV 

« * * * . » * i so GaV 
K".K" S00 G.V 

C (C.Al.Cu) 

w.st.a* 
H 

H 

SI 

Cu 

5I.W 

arnutslon 

8».Al.Co.W 

rMUpllcl l i 
naillpllclty 
Interaction 

Inlaracllon 
intaractian 

K"X* . x * k/p 

imoact P w r M t a r 

rboo 

Traotvar.. Enargu. 

Tren.vtrt t Energy, 

I I 4M 

45H 
20 OK 

i n 

500K 
40M 
I7M 

30H.» 

sti 
ISM 

soon 
* 

* Funhcrdau-takinginthenearfutiire. 

2 . T w o Experimental Issues: Triggering and Vertex Reconstruction 

The chi rm cross section is 0.5% of the total cross section in photoprodficlion. and only 

0 . 1 % in hadroproducuoo, so. the ciperimctit trigger is an imporum factor in enriching ihc 

charm content of a data set. locally for cross section studies the trigger should be as 

unbiased i s possible, which unfortunately implies a small enrichment factor. The three 

photoproduciion experiments in Table I al l use rclaiively open triggers. In 

hadroproduction wilh the lower charm content, only E769 and E791 of the high statistics 

experiments take this approach. Table 2 illustrates three trigger philosophies, ranging 

from the relatively unbiased E T trigger of the experiments using the Tagged P'loton 

http://coi.iribu.ion


SpCHromeier, to [he more severe selection criteria (and higher enrichment) of ihe WA82 
impact parameter nigger. 

Table 2: Three Approaches to Triggering 

Experiment Trigger 

Charm 
Enrichment in 
Ihe Selected 

Sample 
Comments 

Tagged Photon 
Spectrometer 

E69l/E769/F;91 

rligh Transverse 
Energy 

Br>afewGeV 
modest x 2 or 3 

Accept-1/4 or 1/3 
ororoff 

Less Biased 

NA32 

Cerenkov I.I). 
K + /p and K7p-

x7forA*andDj- Biased for D decays 
where K or pfrom 

the other charm 
decay is needed, 
(Not so easy to 

correct.) 

WA82 

Impact Parameter > 
one track between 
0.1 and 1mm at 
primary vertex 

x1SforD + Biased against short 
lifetimes (relatively 

easy to correct). 

Cuts must be applied either in Ihc offline analysis (TPS), or on-line (WA82). Certainly 
cuilingoff-line is safer and allows a dtorough study of the effects of the cuts, but requires 
thai Ihe data acquisition system and at least the preliminary stages of Ihe analysis handle a 
very large number of events. (E79I is expected to write up to 1 x 10'^ events to tape.) 
With advances in computing and storage media this approach becomes more appealing. 

Extracting a clean charm signal from the large combinatorial background is a s :vere 
problem Atlbutonc ofiheexperimenlsdi5Cussedhere(DIS-2)useiheseparationoftrie 
charm i!ccay vertex from the production vertex lo reduce the combinatorial background. 
The methods employed are either visual (bubble chambers and emulsions) and slow (and 
thus very low statistics), but affording high resolution and large acceptance, or electronic 
(silicon vertex detectors and charge coupled devices). 

The latter method allows the measurement of very high statistics samples. As an example 
of this technique. Figure I shows the separation between the production and decay 
vertices, tiividcd by the error in that separation, versus Ihe mass of Kit combinations 

in E&91 data. The D° signal is 
clearly separated. Cutting on this 
separation variable can lead to a 
reduction by a factor of over I COO in Ihc 
combinatorial background. Without 
such a reduction a detailed study of 
charm production is not possible. 

This requirement for observing a 
separation between the production and 
decay vertices is not entirely unbiased 
for production studies, since the 
selection efficiency is lower for events 
with lower charged multiplicity at the 
production venex. 

3. Ptvotoproduciion 

Two experiments have recent results on 
charm phoioproduciion: E691 at 
F e r m i l a b . 3 and N A M ' at 
CERN.4 

With lO.OOf '""• reconstructed charm decays, E69I can fully parameterize the 
differential Cu.— section and is presently analyzing ihe shape in the context of ihc the 
next-io-leading order QCD calculations. Here we will only report on the measurement of 
total charm cross section Using a photon gluon fusion Monte-Carlo program with Lund 
fragmentation to extrapolate lo all up, and all chirm states. E69I derives a a -
4.49±0.07±0.46 Mb per Be nucleus using A 0 - ' 3 ' this gives 
o w =0.58t0.01±0.06 |tb per nuckon (ai <E?>=l4SGcv). The D cross section rises by 

* factor 1.96±0.24 from 100 GeV lo 200 GeV. NA14' derives 
acc(eventH).4S±0,05±0.11 lib per nucleoli (at <Ey>- lOOGev). 

— at^-
- . o f i srxONunr 

• « - I » * , - 5 0 — 

' I " • " !••• 

^•m 

I I ' M l ) 1 | | | 

•u*.&itm 
l-Tft I B 1.86 l.o , o s z 

M a s s ( G e V / c * ) 

Figure 1: From £691 

' T*£A&,x*ceilceforlJelctalcnmsaaic«aMirarvr*iidiK3iofl 
a-092010.002 Ub Ice a Total (ref. 3) 
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The energy dependence predicted by Ihe 
ncxito-leading order calculations of 
Ellis and Nason̂  for two charm quark 
masses is shown in Figure 2. 
compared to the data. The three curves 
represent the central value and the range 
for reasonable variation of the mass 
scale u and QCD scale A. The gluon 
structure function used is xG(x) = 3(1-
x)5. The data prefers a charm quark 
mass between 1.5 and 1.8 GeV. 

To really tie down the QCD parameters 
it is clearly necessary to have high 
statistics experiments covering a large 
energy region. E69I is the first such 
experiment, complemented now by 
NAI4' •< lower energies and 
E687. which is a new phofoproducrron 
experiment at FcrmiUb. at higher 
energies. E687 is presendy analyzing 
their fir*! data run, and has very recently 
presented their first charm signals. They 
expect t factor 10 increase in • 
luminosity for the next data run, and 
will be the first photcproduction 
experiment to have a chance at b-
physics. The prediction for b-
production of Ellis and Nason is shown 
in Figure 3. The cross section is rising 
steeply, but even so it is 0.1 -0.2% of 
the charm cross section for the energy 
range of E687. 

« n i i n 11 • 111 • i • i • ' " r " ' i " " j 
I PhotopradvcliM ut eh»rm m, - I s o v 1 

•SLAC 
[ -PEC 

3 - U l * 

M too tie a» aw aoo 
E, (C«V) 

Figure 2: From Ellis * Nason 
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<*,*%-< • - • < * * ^ — 
* # IH'WCIT ^ — ,—-

// / 1 

r . . . , 

Figure 3: From Ellis & Nason 

4. HadroproductiLn 

In Figure 4, Aitetelli et at.8 compare their prediction for the hadroproduciion cross section 
at nexMo-Ieading order,which is based on Ihe work of ft.K. Ellis. S. Dawson, 
and P. Nason.9 with the results of several experiments. (The compilation of data is from 
reference 10.) The values plotted are for o~c£ (alt *p). A high charm quark mass is 
indicated without the need for a K-facior. 

It is important to note that many of the 
experiments included in this plot have 
limited statistics, and use a variety of 
target materials. Some see charm ^ 
decays directly, others are inclusive « 
beam dump experiments. In order to » 
combine these data for this plot, an A-
dcpcndcnce of A 1 0 is used. It is »' 
pointed out in reference 10 that the good 
agreement at Vs~- 25-30 GeV 
deteriorates rapidly for a different from 
1.0, as the beam dump (Fe) and LEBC t • it » » » u n 
(H) results diverge. '* *"" 

Figure 4: From Allercll:, el al. 
Unlike photoproduction. the interpretation of hadroproducciorl results is impaired by the 
uncCTjinty in the A-ckptrKkrce of the charm cross section. As discussed above there is 
indirect evidence thaa-1. yet direct measurements have tetxfed to prefer numbers nearci 
0.75" (E613, VM7S), although the full range between is covered. WA82 has a new 
result from 1 direct measurement of o_ The experiment uses a targ t which is divided 
transverse to the beam direction into two materials, tungsten and silknii, and compares the 
yield of D° and D + firm the nro sides. Usmj 700 D-decaye (one quarter of their full 
sample) they obtain n» 0 89 ± 0.05 ± 0.05 at <xp»0.2. The measurement is limited 
in systematic error by the uncertainty in the relative beam flux on the two sides of the 
larger. Thii is determined using the relative rate of all (riggers, and the known A-
teperderarrw the tcHilhadrcmic cross section. An improved measurement is expected 
from further data-taking. 



It seems likely that a is close lo I (0.9 or above) at central xp, but smaller at forward xp. 

This behavior is indeed the case for the total cross section.1^ 

Tlie xp dependence of charm production is still a somewhat controversial issue. Table 3 
compares the results of CERN experiment NA27' 3 (LEBC with die EHS r pp at V327.4 
GcV. pp, and up at v£=26 CcV), and Fermilab experiment E 7 4 3 1 4 (LEBC with the 
Fennilah MPS : pp at Vs^39 GeV). We find a rise in total cross section with VT 
consistent with QCD fusion models, and an increase in n, making the production more 
central ai higher VsT This is attributed to lower x gluons having sufficient energy to 
contribute to the cross section. 

Table 3: Summary of NA27 and E743 Results 

NA27 (pp) E74S Preliminary 

v7<GeV) 26 27.4 3S.B 

O(0"/0°»D*) (UB) 30.212.2 <i° 
ninll-XF)" i.atos 4.910.5 8.612.0 

b l n e * P , 2 1.110.3 1.0510.10 0.810.2 

The more central production at higher energies is confirmed by a preliminary result from 
E653(ppat vTof 38.8 GeV): n=l 1.2 ±0.9 . However both experiments have low 
statistics and there is clearly a need for more data. Another issue in the xp dependence is 
ihe so called leading-particle effect. This was first reported in xp interactions by NA27 
where n=1.8±0.6 for leading and 7.9 ± l.S for non-leading D's. Such an effect may 
be related to llic high cross sections reported from ISR experiments for the diffractivc-like 
production of A c . We will touch on this issue again in discussing baryons production 
below. Two recem results, one from N A 3 2 ^ (n(leading)=2.93 ± 0.33, n(non-
leading)=4.37 ± 0.44) and a preliminary result from W A 8 2 1 6 (n(all D's)- 3.40 ± 0,45 
" iih room for only a slight leading effect. Figure 5, suggests that if there is a leading 

'ct it is much smaller than originally reported. 

It is interesting lo note that the calculations of Ellis el al.9 do not produce this leading 
effect, but do predict a slightly moref'1- • 'isiributionforD°and D " o v r D° and D + 

(ascomparedloD°and D" u*a D4* and |J ' lui . * jlence qurrk effeel). SeeFi£u- ^ 
Unfortunately, ujiirirmaiiun of this prediction will require statistics beyond the next 
gcnualion orexperimenls. 

5. Charm Baryons 

The situation for charm baryons is more 
confused, due primarily to poor 
statistics, and there are clearly 
conflicting results. Some reports 
indicated large diffractive-like cross 
sections, others see no inch effect. 

ISR experiment R608 1 7 and Serpukhov 
experiment BIS-2^ in a neutron beam 
have recently reported large 
measurements of a.B for A c . R608: 
<J.B (A3n) = 2.84 ± 0.50 ± 0.72 |ib/N 
< X F > 0 . 5 ) . B I S - 2 : a.B (A3fl - 3-7 

| ib/c nucleus (Xp?0). Neither 
experiment uses any vertex 
reconstruction and the backgrounds are 
large. In contrast, NA32, using silicon 
vertex detectors and CCD's, has a very 
clear signal (Figure 7) and finds a.B 
(pKK) = 0.17 ± 0.02 U.D/N ( X F > 0 ) 

[using A1-**] for a x beam. 

NA32 has six fully reconstructed EJ 
decays (e.g. Figure 8) and finds a .B 
(Ewe) = 0.04 ± 0.02 ± 0.02 ub/N (Xp 
>0). well below the previously reported 
results of E 4 0 0 " (neutron beam), and 
WA6220 (hypcron beam). 

The QCD fusion models produce charm 
centrally with no enhanced forward 
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production. If there is such an 
enhancement, it is due lo some other 
mechanism, perhaps with a tow 
multiplicity at the primary vertex, 
reducing the sensitivity of experiments 
requiring vertex separation. 

6. Future Experiments 

The present data of E687 will extend the 
measurement of the photo production 
charm cross Section up lo 350 Ge \ . 
The overlap of the present generation 

"X, 
"' p. VS * 23 CcV 
n ( i . t.fi CeV. 
OFLH and DOI. A*=>.260 CeV 

c production 
i production 

X . 
s 

_ i_ i_ JL 

Figure 6: Nason, Dawson & Ellis 

ofe»pcrimcnts(NA14:40- !20GcV,E69l:9O• 260 GeV. E6B7:160-350GeV),each 
with high statistics, will lie down the QCD parameters. In the near future WA82 and 
E769 will analyze their hadroproduccd samples. E769 has collected 500M events on 
tape using the ET trigger, with beam particle identification (tt, K and p), and using four 
different target materials ranging from beryllium to tungsten. The experiment will address 
die issues «r target A-dependence and beam flavor dependence. 

In the next Fermilab fixed target run two experiments will aim for very high statistics 
(>100.000 fully reconstructed charm decays); E6S7 will run again (photoproduction), 
and E791 will follow E769 with the Tagged Photon Spectrometer (hadroproduciion). 
Both experiments make use of extensive upgrades to their bumliiKS and data-acquisition 
systems. These very high statistics samples will finally allow a detailed panmetrization of 
the different Lai cross sections of both D's and charm baryons, as well as the study of rare 
decay processes. Fermilab experiment E781 vill run in the following period, looking for 
the forward production of charm-strange baryons using a hyperon beam, prompted by the 
large He signal reported by WA62. 

7. Concluding Remarks 

There is continuing progress in measuring and modelling the production of charm. In the 
near future the data on photoproduction will allow the measurement of the QCD 
parameters, including the charm quark mass and the gluon, structure function. !n this 
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regard hadroproduclion lags behind somewhat, but this is because it has additional ^ 
[interesting] issues find difficulties. These issues should be resolved with the present and 
next generation of experiments. Detail..;* rneasurement of charm baryon production will 
require the statistics of these next experiments. f" 
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Abstract 

UAl is continuing its search far new quark? : n the niiiuii channel with new 
data comiug from the 1988 and 11)89 runs. A description of the analysis done on 
* subsampleof events (1.22 pb'1) is given. 

The properties of isolated unions accompanied by juts art- consistent with 
the Standard Model prediction. The data do not show a signal fur new quark 
production. 

Using the UAl data ~ 5.4 ph~l (1983-19S9) and combining the electron awl 
muon channels a lower limit on the mass is obtained at til C e V / t 2 (1)5% CL) for 
the t quark and 41 GeV/c 3 (95% CL) for the b'-tjuark. 

Presented by Teresa Kodrigu 
at the Topical Conference of the XVII SLAC Institute on Particle Pliysica 
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Introduction 

We report on the search fur signals of the production and decoys of the sixth quark 
(t-qunih) in p|i collisions al , / ; = (i;lo fieV using Hie DAI detector al CF.RN. 

A hnvcr mass limit for the top quark of .(1 GeV/c 1 (al 95% CL) has been 
published by UAI |l],[a| based on Hie analysis of a data sample of ~ 0.7 IJO"' 
accumulated liclwmi I SSI l!)8!i. Tlir study was performed in Hie fmmcwoil of 
the Standard Model and QCD. 

We report here on the analysis of the data coining from the 1988 run, which 
represent ~ \:>2 ,,!,-'. As the VJAI detector is slightly changed with respect 
to previous data taking periods, first wo describe in Section 1 the present UAI 
detector and its performances. In Section 1 the characteristics of the t9S8 run 
with ACOL are given. 

The t-quark production and decay t,iopcrlics arc revised in Section 3 together 
with the backgrounds expected for tin experimental top signatures considered in 
the analysis. 

In Section i ive explain hour a sinple of moon + jcl(s) events (control 
sample) is understood, mainly in tern s of standard heavy flavou. ,.. _ Juclion. 
The agreement between the predicted contributions for this sample and the data 

gives confidence in the understanding of our data and teclor, and allows us to go 
further in the top search with different samples where the sensitivity to top-quark 
production is improved, 

The search for the t-quark in different channels, single muon and dileplons, 
is reported in Section 5. We explain hricliy the top mass calculation used in the 
analysis. In this section. Hie overall sample (I98319SS) is summarised and a 
combined top mass lower limit is given. 

In Section 6 v,c report on the extension of the present analysis to the search 
for a fourth generation quark, b'. 

A sear'>- for non-standard lop decay modes is under study. A preliminary 
study is presented in Section 7. 

Updated results from a more complete analysis, using the full available 
statistics (I98S + 19S9), are given in Section 8. 

Finally, a summary and preliminary exclusions on m, and mi. lower limits 
are scL out in Section 9. 

1 UAI Detector and Performance 
UAI is a 4ir detector. Fig. 1; a detailed description con be found in |3] Only 
the major changes in the detector, compared to its previous configuration, are 
described here. 

The detector consists of: 

Figure I: Schematic view of the UAI detector 
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• T H E CENTRAL DETECTOR 

A Central Drift chamber (CD) inside a dipolc magnetic Sold of 0.7 T transversa 
to the beam axis is used for measuring the momentum of charged particles. The 
CD is operated in a new mode in order to cope with the higher currents induced 
by Hie increased collider luminosity. The wire gain was lowered by * factor of 4, 
which was compensated by the same factor increase in the electronic gain. This 
resulted in a degradation of the charge division measurements. 

The resolution in position along the witc for the longest wires (2m long) is now 
about 7 cm. The ruolulion in drift-time measurement!, is essentially unchanged 
at 300 ;im en the average over the whole chamber volume. 

• Tvt CALORIMETER 

The old electromagnetic calorimeter (gondolas and bouchons) haa been 
dismounted to be replace in the future by a new Uranium / Telraniethyl-pentar.e 
(TMP) calorinicter-

Thc present UA1 calorimctry consist only of the liadron calorimeter which is 
still in place. Therefore, we are no longer able to trigger on electrons and we 
concentrate, for the time being, on muon physics. 

The hadron calorimeter (5 cm. Fo / 1 cm. scintillator), consist of two parts: 
central (C's) and endcaps (I's) covering 3 units in pseudorapidity. The C's cover 
j 1/ |< 1.5. There are 16 C'a, each with an azimulhal segmentation into 12 cells 
of 90 x 90 cm7. They are sampled at two depths: after 2,5 and 5.0 nuclear 
interaction lengths. The endcaps cover 1.5 < | ij |< 0.0. There are six vertical I 
modules per end-cap, each divided into six blocks of dimension 0.9 x 0.9 m*. The 
blocks nearest to the beam are further subdivided into four stacks of dimension 
0.5 x OA m'. The l's are also sampled at two depths: alter 3.5 and 7.0 nuclear 
interaction lengths. 

The performance of this calorimeter lias been rcstudied. From 1968 tnl-boam 
data we have measured the electromagnetic and hadronic energy resolution to be 
o ( £ ) / v / £ of cs 50% and c= 60% respectively (Fig. 2). The calorimeter response 
to electrons and baiiioris has been parametrised and Used iu the Monte Carlo 
simulation or the calorimeter. 

We used a. large mini mum-bias data sample taken in 1987, in the same detector 
conditions as at present, to study the resolution on missing transverse energy and 
jets measurements in the hadron calorimeter. We find, as shown in Fig. 3. that 
I he missing transverse energy resolution can be iara;.arised as a function of E £ r : 

Concerning the jet measurement, Fig. Ja,b show the transverse energy flow 
around lilt calorimeter jet axis for Ef* > 10 GcV. These jet profiles can be 
compared with tliusc (Fig. 4c,il) which show the transverse momentum flow 
around the jet as measured iu the central tracking chamber. 

The degradation in missing transverse energy resolution is about 15% 
compared with the previous calurilneter conliguralion The jet recognition 
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capability in the hadron calorimeter atone is still rather good, but systematic 
errors on the jet energy scale are also degraded-

During llm 19(18 run the calibration of the calorimeter was (nllowrd 
using different sources: cosmic minimi for absolute calibration, laser for gain 
mcasurcmnntnand minimum-bias data, for relative ccll-lo-ccll variations and time-
dependence monitoring. The systematic error on the absolute energy srnln is ~ 
1% in the central region. 

• T H E Mi'ON CIIAMBKRS 
The. muon detection system v w essentially unchanged compared \o the earlier 

rims. TIic system of drift tube* used for milon detection covers 70% in 4 angle 
for | J] |< 1.0 and 90% for 1.0 < | n |< 2.3. Thn acceptance as function of rapidity 
is shown in Fig 5-

Outaidc lh« hadron calorimeter, the shielding of the nition detection system 
has been improved with the installation of an additional 820 Tin of iron absorber 
in the forward region. A limited number of Streamer-tube chambers were added 
Ml 

2 1088 Run and Data Sample 
During the 1988 data-taking period, the total integrated luminosity delivered by 
the SPS was &4 p& - 1, 3.0 pb~l with the ITAl detector operational. A sample of 
cs 1,33 pfc"1 wa* recorded by the experiment. The total data taking efficiency WAS 
about 55%. 

The run was mainly dedicated to muon data. First and second-level muon 
trigger gave a single muon trigger in the TegiDtt \rj\< 1.7. The thirddpvel trigger, 
using 11 emulators (3081E) in parallel, selected the most interesting events to be 
written on a special tape for early analysis. 

The muon trigger chain wa* aa follows (rate at 2 • lCr^cW 2 * - 1 ) : 
• Beam crossing : 260 kHz 
• Pretriggera : SO kHz 
(inelastic, lUKidiffractivc interaction*) 
• lat level muon trigger : 33 Hz 
(pattern of tubes hit define* a 150 mrad cone in | o |< 1.7 
or in [17 \< 2.0 for dimuonn) 
• 2nd level muon trigger : 10 Hz 
(uses drift-time information to define narrower cone of m 70 mrad; 
efficient above p£ > G GeV/c for 1 ft and pj- > 1*5 GeV/c for 2 /I'II) 
a third level muoa trigger : 2 Hz 
(3081E emulator farm: matching CD track, p£ > 5 GeV/c) 
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2.1 Data Sample 
We recorded three sets of data: muon data used far muon physics fimavy 
flavour, W/'A production, top scare.., e t c . ) , single jet data (QCD jet studies 
arid background calculations) and minimu ri-bias data for calibration purposes. 

The total number of events is divided as follows : 
A) Muon trigger data : We took 2; S.8 X 10* events corresponding to a total 

integrated luminosity of a; l.22pfr-1 . 
After the offline filler (third level trigger) and loose C'U-muon rliamlx>r 

matching cuts, wc selected the data samples used in the present, analysis: 

• single muon Ham pic (p£ > 10 CeV/c) = 5081 events 
• dimuon sample (pj > 8 GcV/c t p£? > 3 GcV/c) = 200 events 

B) Single jet Jata : ~ 2.3 * 10° events (~ 3 nb'1) were recorded using a firat-
levtj calorimeter trigger processor, vlficient for clusters of transverse energy above 
10 CcV. Tlicst; data were used in the present analysis for background studies. 

C) Afinimuin-iiias data : A total of d 1-3 x 10 6 events, which represent ~ 0.3 
n6~' were also recorded. 

3 Production and Decay Properties of the t-
Quark 

3.1 Production Mechanism and Cross Section 
In pp collisions at >/» = 630 GeV, and in the framework of the Standard Model, 
there are two dominant mechanisms which produce t-quarks : 

a) Decayi of W*§ (if mw >™t + *«0 : w + -* <& 0V~ -* **) where the cross 
section for pp -» \V + X\ W -* tb is given by : 

<j(pp~* W -• d) - 3 * PS{mt,m^mw)* o{pp-i W —• cv) + C(mutn%Y) 

where 3 is the colour factor, PS is the phase space factor for which the dependence 
on the masses of the quarks and on the W mass is well known, and C(tnumw) 
corresponds to QCD radiative corrections. For the cross section «r{pp —* \V —* ee), 
we used the UA1 measurement [5|. 

b) Direct production of it pairs : pp ~* il+ X , via two QCD subproccsscs 
gg —t ti and qQ —* it at lowest order. The cross section for QCD heavy flavour-
production processes up to 0(a*) has been calculated by P. Nason, S. Dawson 
and it-K, Ellis [6J. For the t-quark cross section, we used the calculation by C. 
Altarclli ct al. [2] which includes all processes to 0(o3

f), and uses the DFLM 
structure function paiamcLrisation |7|. 



Figiin- 0 shows the relative contribution of the above processes for two different 
centre of mass energies. For i»r < run- + HH, the production of l-quarks via W 
decays dominates at <JH = (KH) GcV. 

3 . 2 T o p D e c a y s 

In view of the large background of events containing high PT j<-ts from QCI> 
piocesscs, the best way of identifying a new heavy quark in f>/» collisions is through 
its somiteptouic decay modes; the branching ratio is c- 11% within the Standard 
Model. 

Wr look for i —»• l*vb [t -*+ l~pb) . As the top quark seems to he heavy, 
the decay Icplon will be produced at high pr and will have a high I T relative 
to the other decay products, so that the Icplon will be well separated from the 
Acmrnpauying jet. 

3.3 B a c k g r o u n d P roces se s to the Top-Quark Signature 

Apart from the instrumental background which is described below, there are 
essentially three processes which give high pr Icptons in the final state and can 
fake our experimental tap production signature : 

1) Scmilcptonic decays or chat ,ti and bottom quarks (mainly pp —» bbg}~ 
2) Hrcays of H f ± and Z° bosons into lepLons, 
3) Lcpton pair production via Drell-Ynn, J / * —• pp and T -+ ptt processes. 
To understand the behaviour of these events in the UA1 detector, all the 

processes have been simulated using the ISAJET Monte Carlo [S| and the 
UAI drtrctor simulation program, and finally studied with the same analysis 
programs as the real data. The cross section for the last two processes (2 and 
3) arc normalised to UA1 measurement!!. The cross sections for W ' and Z° 
arc taken from Ref. !/>]. In the W case, in order to reproduce the measured 
dir/dpr' spectrum, the high pr tail produced by ISAJET is weighted with the 
ratio of the observed cross section to the generated cross section in Linn of p? , 
The cnia.1 sections for J / * , T and DrclUYan production are taken from dimuon 
measurements [9],|lf)|.We generated Drell-Yan processes in two different regions: 
high-mass pairs at low p? \$\ and low-mam pairs at large pr |H | -

Charm and bottom quark production are not normalised at this stage. The 
absolute contribution of these processes is obtained later by normalisation to the 
muon + jet data. As heavy quark production is the most important contribution 
to the l-quark background, we discuss this process in more de'oil in the next 
section. 
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Tiic Experimental fJackgrouiul 

The only substantial source of background lo the prompt umon signature is Ihc 
decay in flight ol charged pions and kaons. Tile inclusive muon pj- distribution in 
given by the convolution of Hie inclusive jiion ( l ion) )>r distribution and the 
probability density function of ptuli (kaon) to decay in flight. An extensive 
description of the method used lo compute lliis background ii given in Ref. 
[Ii!|. As ran he seen in Fig. 7, (lie p r distribution for the decay background is 
decreasing faster than the total inclusive p}. distribution. Above pj > 15 G'cV/c 
tins conlriljutioii is of ~ 25%. 

In the piesenl detector configuration (no electromagnetic calorimeter) tbe 
contribution from i /K decay background is slightly increased because of the longer 
decay path for liailrons. To estimate this contribution lo the data sample used in 
the top search, wc used the sample of single jet data : 2: 3 no - ' . 

4 Understanding of a Muon + Jet(s) Sample 
(Control Region) 

Before starting the search for new quark production, we checked our understanding 
of heavy flavour production in the present UA1 detector. A similar study was 
already done eailier using UA1 data |13|. 

We defined a control sample of p + jel(s) events and compared their properties 
with the Monte Carlo predictions. The sample is diTuicd ai follows: 

a One u with 12 < pj < 15 GeV/c 
• At least one jet with i'j." > 12 CeV, we counted additional jets ir £J." > 7 

UcV. Only jets outside a cone of All = 1.0 around the u, AB{/i jet-axis) > 1.0, 
are counted. The AH is defined in azinmtlial angle (around ilie beam direction) 
and pseudorapidily space: AR = (ci* -f n 2) 1'* . 

Under these conditions Ihu possible lop contribution is ncgli-iblc. Tbe decay 
background accounts for 2356, and therefore the main physics contribution comes 
from heavy llavnur (66, ce) production. 

The missing transverse energy and the transverse energy of first ar.d second 
highest E r jets in the event arc shown ill Figs. 8 and 9, compared with the 
full Monte Carlo prediction (Scelior. 3.3) and lire *JK decay background. Some 
topologiej properties of these events are shown in Fig. 10. The variables used 
are : A<4(,i, Jill), the angular separation between the muon and the highest jet 
in the event; the niuon and jet 1 tend to be coplaiiar with the beam line (Fig. 
10a); the |cos tf',,,1 where 0* I i a is the angle between the second highest Er jet and 
the incoming p beam. In 66/ee events the second jet generally coma from initial 
slate gluon bremsstralih'.ng and is produced with a large value of | « « 6]^ | (Fig. 
10b). 
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Figure 7: The inclusive p j distribution (black dols), not acceptance corrected 
and not background subfllracled, is compared with the pj dislrihiilion for x /K 
decay background alone (open triangles). 
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The muon isolation is shown iu Ftg, II; the isolation variable is define as the 
Activity measured around the rtmon in a cone AK = 0.7 : 

IHIEiVW + IEpr/a)')"1 

where E£V 13 the transverse energy in the calorimeter (neutral and charged 
particles) and Epr is the sum of transverse momentum in the central detector 
(charged particles only). The T,ET and Epr are combined Lo taker into account 
the different acceptance of the two detcetera. As can be seen in Fig. 11, inimns 
coming from Lb/cc production arc mainly inside jcls and therefore they are non
isolated. 

In all these variables the behaviour of the data arc rather well reproduced by 
the Monte Carlo. From the Study of this control sample we conclude that the 
kinematic properties of ft + jet(s) events are understood with the present UA1 
detector. This gives us confidence in our understanding of the main background 
lo the top signal. We now try to select more appropriate samj.i a to search for 
new quark production. 

5 Search for Top 

We describe in this section the search for the Lop quark in different samples ; the 
(tingle Hiuon, diiiiuoii and electron-muon channels. Each sample is define tn such 
a way that the sensitivity to top is optimised. 

From each individual channel a Lop mass lower limit is presented. The mifis 
limit calculation used is briefly described. Combining all the available data 1983-
19S8 we obtain an up;*cr limit for the lop cross section and an improved mass 
limit. 

5 . 1 S i n g l e M u o n 4- > 2 j e t s C h a n n e l 

Tlit; sample is defined by the following cuts: 

i) ; 4 > l 2 C e V / c i n | v / | < 1.5 
ii) A'„r > 2 with £ f *" > 15 GeV and £ ? " > 7 C e V irt | * | < a.5 

(Jets are counted only if A R ( / t j e l ) > 1.0) 
iii) A ni]-(fJ,i') < CO G e V / c 3 eul is applied to remove the W —• ftv 

contribution 
iv) Finaily ( we ask for isolated mLions 1 < 2. 

[1 = Isolation variable as it is defined in previous section) 

After these- cuts we are left with 19 top-like events- Figure 12 ••haws the muon 
isolation distribution fur both isolateil and non isolated muon* The agreement 
between the data and the background prediction is rather £«»HI. The total 

15 140 

rh 
• 88 Data 

_ Total background 

• Dtcay background 

figure I I : Iwldion (I) distribution fur Hiu.ms (12 < ft < ' * '""^'A ) 
jicrompniird by Jt leisl one jct-
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backgrutmd prediction for muorts with J < 2 is 21.5. The largest roiitfibulioii 
comes from 66/rc processes. A detailed comparison Ijelheeii thn «J,ila and Monte 
Carlo is given in Table 1. To improve the rejection Against tin: fib and re 
background without destroying the possible tup signal (sec Fig. i:i : | cw0*rt2 f 
versus &4>{pt jr.tl) for fro/cr and (op Monte Carlo events) we apply two additional 
topological cuts: 

v) | cosfl;,„ |< 0.8 

Five events remain a/ter these cuts; the main 5ourrr erf background for isolated 
muoiis in now from decays in flight of charged pions and kauns {1 able I). 

Table 1: Comparison Data and Monte Carlo 

Moalc Catlo isolated/i+>2;rts 
Isolated/i+ >2jcl» 

+ 
Topological cut* 

i / K Decay e.y 3.2 
W/Z 2.3 1.1 
D.Y., J / * , T 2.2 0.1 
W/tt IV.] 1.2 
Total Background 2J.5 5.6 
88 Data 19 5 

The expectation from top for this sample is shown in Table ? as function of 
the top mass. 

Table 2: Top expectations (If + tb) 

Top M M S 
(GeV/c 3) 

Isolated /i+ >2 jets 
Isolated / i + > 2 jets 

+ 
Topological cuts 

40 8.9 5.5 
50 6.5 4.0 
GO 3.9 2.5 
70 1.3 0.8 

The systematic uncertainties and the lop mass limit calculation are explained 
below. 
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Top M u i l i m i t Calculation 

In order to avoid the large uncertainties coining from the Q(-'l) prediction for the 
bb and ec production cross section, we obtain the absolute number of background 
contribution to the signal region 1 < 'I as follows: We normalise the total 
background (Monte Carlo + x/K decay) to tlie data in a control region (El) 2 
< 1 < 10, then the knowledge of the halation distribution SIUJHT allows us to 
predict the background contribution in the signal region (A). With this method 
wc estimate our absolute background prediction with a 10% systematic error-

The nuinberof events observi-d in the signal region A {- n)and in the control 
region D (= b) arc governed by Poiwoij distribution*, whrre ['(b) = ir*, \%(u) = 
air + pv are the expectation valuer; a = integrated luminosity x branching ratio 
of considered channel x acceptances; <r = top crim section; p = ratio between the 
numbers of background tvtnts in regions A and II. 

We obtain upper limits on the lop cross section by folding the Poisson 
probabilities with Gaussian distributions Tor the number of background events, 
predicted and the number of top events expected. The likelihood as a function uf 
a is expressed by : 

L(<*) = U, P(» ) a t r + >>*) * H*> I ") * G(a) x (ltp)Ji>Jr.Jp 

where G(o) and G[p) are normal distributions which represent systematic 
uncertainties- The desired confidence level fCI.) for a ciu** section limit M given 
by : tf' £(*M*)/JT £[')'(') ~ CI. 

Finally, to obtain a top mass lower limit, we need to in dude the systematic 
uncertainties in the top cross section. The systematic errors in flic number of the 
top events expected are listed in Table 3. 

Table 3: Systematic errors on the number of lop events expected 

Source of error 
(X) 

lb 

m 
Tlxury :io ID 
£IL of jet cuts 12 Vi 
Integrated J,um. 15 
# \V —• pv observe*! I t 
Eff. of ,t cuts 10 10 

From the fi + > 2 jets channel, we obtain a luwer limit *in tlie tmiark mâ a <<f 
jo, > 42 GeV/c 2 (at 4J5% CL). From the same sample but without applying the. 
additional topological cuts (v and vi in section 5.1) tin* toi> iua*s limit w mt ~> I \ 
GcV/c 2 {at 95% CI.)-



5.2 Dilution Channel 
Sinn* top proilurtimi VIA W decays is dominant, for m, between 40 GcV/c 3 and 75 
GeV/r'.thiMlimmni analysis is optimised for this process. Based on the p* spectra 
from lln1 different scutileptmiic decays of the quarks involved, the interesting 
channels art* (for pj» -* U' -I- X ; IV -» tb) : 

1) f -» /(N'ft lnt /i from t (I'' gem'tdtiuti decay) 
/J -> /iH t'C 2ni ft from A (1" generation decay) 

-) ' — ' /'"**'/> 1"' /i from t (!*' generation decay) 
/J -* ft' vf 2"J /i from I- (2*"' generation decay) 

The ifition -rofiiiiif* from the (-quark, I - ' generation decay is expected to have 
Hie largest tr.-mnvrrsr iiioineiiLnni and be isolated, whilst the muon* coming from 
ft/A decay should be mm Uulatrd. 

Tlie diiimim sample, which includes all tlir* existing data from 1983 to 1988, 
accounts Tor an integrated luminosity of H 1-9 pb~l , The following* cuts have 
been applied : 

i) $ > H O V / e , in | m>,) |< LG; rf > 3 GeV/c 
ii) n\ass{fti, ftt) > i GeV/c 2 to remove hbfee and Jfty contributions 
iii) Irfw>se isolation on l J f munn l(/ii) < 6 in order to remove t6/c£ back

ground. Nou-isolation on the 2nJ muon Ifjiz) > 2. Thin cut removes 
tlic Urell-Yan contribution existing in the data, 

iv) Finally, we ask for at least one jet with £}-'' > 10 GeV. 

The- reduction of the data as function of the different cuts is shown in Table 
4. The calculation for sr/K decay background in preliminary. 

Table 4: Dimuon events as function of cuts 

Cuta Data 
(83-88) 

ir/K Decay bb,cc Top expected 
(tn, =40 CeV/c 5 ) 

Total Events 
Hi;) < e 
Hl'i) > 2 
EJ

T" > 10 GcV 

263 
221 

84 
43 

36 
27 
21 
13 

163 
136 
88 
48 

11.7 
10.5 
6.5 
5.2 

To increase the sensitivity to t quark production one can use the event 
proprrtirs that can differentiate between t and non-l events and combine the 
chosen set of variables in a. function L, defined as L = n /'((A\}//l(A*i) where 
Pt\Pi) is the probability density function for the variable A\ for lop (feo/efi) events. 

The set of variables used arc shown Fn Fig- M. for both 6o/rr Monte Carlo 
events and top {mt — 50 CcV/e 2 ) events. 

In terms of log(L), the 43 events selected havr ^ similar distribution tn the 
bbfee background events (Fig. 15). In the same figure the prediction fur top 
(multiplied by a factor of 10) is shown. 

A cut at Iug{L) > 1 gives us: 0 events in the data, 2-G events for the background 
and 3.2 (2.1) t-quark events expected for m, = 40 (50) GeV/c 3 . This result can 
be converted into a lower t-qnark mass limit of 43 GcV/c 3 (at 959S CI,). 

5.3 Electron-Muon Channel 
The sample available for this channel cpmrci from data taken befoie I ORG am) 
corresponds to about 550 n6~'. 

The main difference with respect to the dirnuori sample is that electrons nerd 
to be isolated in order to be recognised. The selection used requires one munii 
with p j > 3 GcV/c and one electron with Jvf > 8 GeV in a pscudurapidity range 
of J 7 |< L5. No jet activity is required. Figure 16 shows j?r versus p j for the 10 
events selected, half of those events have At least one jet with EJ-" > 10 GeV. 

The main background contribution comes from 66/ee processes, this contribu
tion accounts for 12 events, the other background* arc significantly smaller: from 
2 ° —TT 0.13 events and from Drell-Ywi production of r pairs 0.06 events. 

The expected number of events from top are 5,7, 3.8 and 1.9 fi>r mt = 3Q.-1W 
and 50 GeV/c 2 respectively. 

Figure 17 shows pJf. for t-quark and b&fec events; pj- tends to he harder for 
heavier mass of the quark. Requiring £ £ > I 0 GeV, no event remains (Tig. I7c). 
The Ufcc prediction is reduced *ignific*nlly by this additional cut ; 1.6 events, 
whilst 1.74 and 1.23 events arc expected from t-quarks for m, = 40 and 50 GrV/r 3 

respectively. We then derive a lop mass lower limit of m, > 25 GcV/c* (at 95% 
CL). 

5.4 Combined Limit 
The different channels have been combined to obtain an overall upper limit for 
the t-quark cross section. The results for the individual channel arc summarised 
in Table 5. 

We make the conservative assumption that ill the systematic errors are 
correlated between channels. We add statistical and systematic errors in 
quadrature. 

The combined upper limit for top quark production as function of the (op 
mass is shown in Fig. 16 at 90% and 95% CL. To obtain the top mass lower limit 
we include the systematic errors from the theoretical lop production cross section 
estimate. 
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Tabic 5: Summary of results on i-quark mag* limit (95% CL) 

Cbanliel / L d t Data Background Top expected wit Limit 
(pi-') m,-40 GeV/c 3 (tiuV/c 1) 

c + jcU (84-85) 0.7 26 26.0±2.8 11.0 41 
H + jets (S4-85) 0.0 10 1I.4±1.2 7.1 40 
e + ii (84 85) 0.6 0 1.6±0.1 1.7 25 
/< + jets (88) 1.2 5 4.3±0.5 5.5 42 
p + p(83'88) 1.9 0 2.6±0.3 3.2 4S 

We oli Lain : 

in, > CO GcVft? (50% CL) 
m, > 56 GeV/ i 3 (95% CL). 

At 95% CL wc are still cot sensitive la tap production via W -» lb decays 
alone. 

6 b 1 Search 
Tlie aeuch of fourth generation quark pioduriion has been done in parallel tu the 
top starch. Fur the fourth generation quark, b \ wc assume as in | | ] : 

- its electric charge is -1/3, 
• its mass is lo-ver that the top mass, $o that it will nut decay mlr. top, 
- it is not produce J in W decays where a(Vt/)=o[tt) fu-r TH*. = IN, as expected 
from QCD, 

- b* —* e predominates over b* —• u, 
- semileptonic branching ratio of =: 11% to each lepton type. 

A similar analysis to that performed in the lop-quxu-k (/J + > 2 jets channel) 
search has been made. Figure ID shows the b* upper cross sectiuii limit at 90% 
and 95% CL for the combined data sample: 19&4-19SS, 

We obtain b* mass lower limits of 38 GeV/e 2 and '10 CeV/c* at 95% an J <J0% 
CL respectively. 

7 Non-Standard Top Decays : Charged Higgs 
Search 

In order to make a more complete analysis with the- future data, we rrporL herr? 
a preliminary study of possible top decay modes beyond the niimin.il Standard 

http://niimin.il
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Figure 19: Combined mtion and elytron channel limits on the b'-quarh 
production cross section as [unction of the b' mass. Comparison with theoretical 
prediction (full line). 

Model. The sensitivity to charged lliggs tquarfc decay with the standard analysis, 
which is optimised for the scrnilcptoiiie decay of the heavy quark, is investigated, 

In models with two lliggs doublrtsjl l)onc expects to observe a charge') Higgfl 
scalar. The present experimental lower mass limit for these particles is mni > 1!) 
GeV/e»flS| 

If mi > mji* + ins the top decay into a real Higgs is allowed. In f-irl, this 
decay becomes lite dominant decay mode, and the lop quark mass limit coining 
from liadron collider experiments and based on the Standard Model decays are 
no longer valid. 

In this first approach we have assumed that top decays 100% into charged 
lliggs. Following S.L. Glashnw and E.E. Jenkins (M],the decay modes and 
branching ratios of the lliggs are : 

II* - rv ( 31% ) . II* — cs ( 04% ) 

whilst the rest ol the decay mod» account for 5%. This is true only if I'l/fi = 1; 
UI,VJ being the vacuum expectation value of the two lliggs. If this ratio becomes 
higher the Ifiggs leptonic decay mode is strongly suppressed (2.9 for "r/t'i — '̂ ). 
Therefore, only the wj/ui = 1 case will be considered here. 

We have implemented in the ISAJET Monte Carlo the above non-standard top 
decays for two « U of top/IIigg> masses : m, - <I0 GeV/e 3 , m„ = 25 GeV/c 3 and 
m, «= 60 GcVI<f, m« = 40GeV/c?. The Monte Carlo events have been simulated 
through the detector and analysed in the n i n e way as the real data. 

Considering single fi + > 2 jets, only 1.5 events are expected from I -* Itk, 
II - • TV with m, = 40 GeV/c", m„ - 25 GcV/e* and OX events and for m, = 60 
GeV/<?, mK a 40 CeV/e", to be compared with = 9 and ~ 4 events fur Standard 
Model top decays. 

With the present analysis, whjcb h> baser) on Standard Mode) top decays, we 
have little aensitivity to these decay modes. Further studies are going on, trying 
to optimise selection cuts for this type of search. 

8 Updated Results from 1989 Data 
A similar analysis to the one describe above has been preformed recently using 
the complete (1988 + 1989) data sample, 4.6 j * " 1 . 

For the more recent analysis nc have improved the Monte Carlo statistics 
[•a 15ft'1), and a more complete study of systematic errors has been done. 
Preliminary rendu have been presented (Irjj on the top quark mam limit. A 
summary of the new results w given in Table 6. 

(") For the 4.6 ri~' sample, the topological cud d # u j e l l ) and (cosfff;,,,) | 
have not been applied. 

Combining all the different electron and nruon channels, we obtain (for 5.1 

I * - ) : 



Tabic 6: Updated results on t-quark m u i limit (9!)% CL) 

Channel / L d t 
(pi- 1 ) 

Data Backgiuund Top expected 1 m, Limit 
| (m,=40 CcV/c») 1 fGcV/c 3) 

p 1- jct5ei(88-8!)) 
11+ It (83-SU) 

4.6 
5.4 

76 
10 

77.0±11.0 1 29.0 S3 
l l .8±2.3| 7.1 | 4G 

in, > Gl GcV/c 2 (95% CL). 

Ao updated h* mass tower limit has also been uhlaincri willi the ruinphtc 
sample r 

mv > 41 CeV/c 3 (055S U . } . 

0 Summary and Conclusions 
We have, presented here a. preliminary analysis dune with the sample *»f union 
cvcitla coIIccti-J dufriig }988. A recenily tumpfctid analysis ufohl cfcttrvii-iiK"1" 
data (< 1985) has a l » been icported. 

Wc conclude that the UAI dctcctoc in lite present configuration (iw 
electromagnetic calotfcnclef) is still operational (UT the study of heavy flavour 
quark production in. the muon channel and the wraith for new hfavy quarks (* 
quark and b'-quttk). Frum the analysis ©f the new data wc du not find a >>$u<d 
for new quark production. 

Uiing the available UA1 data (iO£Jl98oy, fur 5 4 ; V , and combining tin-
electron and muon channels, we obtain a Tower mass limit Tor the tup MUiiilt of: 

mt > 61 GcV/c 2 (05% CL) 
™, > CO GeV/<? [\M% CL). 

Considering W -* l ionly : 

m, > &» cev/tf 1 (f*57c <;rj, 
A similar analysis [ut the b'-qiiark gives a new b' mas* lower limit of ; 

rnv>41CeV/<r 1 (95%CL). 
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i . INTRODUCTION 

The UA2 detector has been extensively modified daring the period 1983 to 1987, 
in oidcr to achieve an improved performance at the upgraded CERN pp collider. With 
the successful operation of the new Antiproton Accumulator Gomplex (A AC), the U A2 
detector collected a data sample corresponding to jn inte|raied luminosity of 7.4 pb'<. 
at a center of mass energy vs"= 630 GeV, during the 1988 and 1989 data taking 
periods. 

In this article we present preliminary results on the cross section of the Wand Z 
bosons, as well as a search for the top quark production and its subsequent semi' 
electronic decay. We note that the results presented here are preliminary, and may 
change slightly as further analysis of the systematic uncertainties proceeds. 

2 . THE UA2 DETECTOR 

The details pertainin i to the construction and performance of the various detector 
types can be found in the references given below. In the following sections, we recall 
die salient featutes. 

2.1 The Calorimeter 

An overall view of the centralWiend'Cap calorimeters [1,2} is shown in Fig. I. 
The central calorimeter covers a polar angle range 40° < 0 < 140°, and the full 
aziimnhal range. It consists of 240 electromagnetic and hadronic cells of size A3 x A t * 
10° x 15°. The electromagnetic put consists of a 17 radiation lengths thick, multilayer 
lead-scintillator sandwich; while the tudnxtic pan consists of in iron-scinollaior 
sandwich of thickness 4.S absorption lengths (including die electromagnetic cells). For 
die upgrade, all the scintillator plates of the 2 hadronic compartment; were replaced, 
and the thickness of the edge cell electromagnetic ecrnpanrnerits was ledoced. The latter 
was necessary in order to increase the radial space available to accommodate the new 
central detector. 

The end-cap calorimeters cover the pseudorapidiry (n) region 1 S M ' S 3 . There 
are a total of 24 modules (12 on each side of the detector), and each module is 
segmented into 16 cells For each module, the two cells cloMStto the beam axis (2.5 S 
lr|l s 3.D and 2.2 S lr|l S 2.5) cover 30* in azimuth, whilst the other cells have a 



constant segmentation of Af « IS". 4r) - 0.2, All cells in the interval | 0 i h j l s 2,5. 
hive one electromagnetic «nd one hadronic compartment. The electromagnetic 
compartment consists of • multilayer sandwich of lead (3 mm thick) and scintillator 
(4 mm thick). The thickness varies from 17.1 to 24.4 radiation lengths, depending on 
the polu ingle. The hadronic comptrtiDent ii a multi-layer sandwich of iron (25 mm 
thick) and scintillator (4 mm thick), corresponding to approximately 6,5 absorption 
lengths (including the electromagnetic cells). The cells nearest to the bum have only i 
hadronic compartment, in addition, cells with only a hadronic compartment cover the 
inicrv al 0.9 S h\ls 10 . to measure the panicles escaping from the interface between the 
end-cap and the central caii*imeicn- The readout for each companment is achieved via 
two wave-length shifting plates placed on the opposite sides of each cell. This 
mrroo'tfces a dead space between adjacent cells of 7 mm for the electromagnetic 
compartments, and of IJ mm foe the hadronic compartments. In order so minimize the 

nccmal to the beam directions. 

From the energy deposited in the calorimeters, cluntri are constructed by joining 
all ceils with a transverse energy (Ef) paler than 400 MeV. 'Jut share a common 
edge. We label clusters as being, electromagnetic if they have a small luoal sue and an 
energy (racoon leaking into the hadronjc compirtmen| thai is ransisieij with a shower 
initiated by a single electron. Since the response of the calorimeter so showers, depends 
an tht fraction of the energy carried by hadrons, the observed energy depositions in 
each calorimeter compartment arc multiplied by appropiiate weights (of the ooJer of 1.2 
for the electromagnetic companmems}, in order to compensate for die difference in 
response. The efficiency lo reconstruct an electromagnetic cluster in the central 
calorimeter from an electron candidate with E j > 12 GeV, was measured from test 
beam dau to be e c a ] a (91.2 ± 2.0)%. This value is an average over the allowed 
impact points for election candidates. The main sources of losses are for electrons 
incident upon an inter-ccll Sowiday. or die truncated electromagnetic cells (at the edge 
of the calorimeter), giving an increased hadronic leakage. 

2.2 TUCtntralDtlKUr 

A schematic view of the layout of the central detector around the beam-pipe is 
shown in Fig. 2. It comprises the folic wing elements: 



• • s o of silicon hodoscope counters looted it radii of J.5 cm (inner array) and 
M.5 cm (outer amy). Boih arrays are used in the pattern recognition ani provide 
ionisation measurements I J); 

• a Jet Vertex Deiectar (JVD), consists of a cylindrical drift chamber 1*1, located 
between the two silicon arrays: 

• a Transition Radiation Detector (TRD), located after the tracking devices, 
consisting or two sets of radiators and proportional chambers |5) The TRD may 
be used to distinguish electron tracks from diose of hadrons; 

• a Scintillating Fibre Detector (SFD). which consists of fibres arranged on cylinders 
into 6 stereo triplets followed by a 1.5 radiation length thick lead convenor, facing 
the central calorimeter. A further 2 stereo triplets, after the radiator, serve as a 
prcshower detector [6|. 

The reconstruction of charged particles tracks and the position of the event vertex 
are achieved using the SFD in conjunction with the Silicon hodoscope; as well as ihe 
J VD, The fraction of vertices within ± 300 mm ( t 250 mm) of the detector center is 
measured to be E v » (98 ± 1)%. ( £ v - ('*•<> ± 0.5) * ) respectively. The tracking 
efficiency for isolated, high energy tricks. Is measured to be E m - (90.6 ± 1.114. 
using a sample of electrons produced in the decay of W bosons (referred to as "W 
electrons" hereafter}. 

The tracking and prcshower sections of the SFD are used K) much die impact 
point of candidate electron tracks with the position of the electromagnetic showers. The 
resolution in die r-+ plane (perpendicular to die beam axis) is 0 ^ * 0.* mm, and 
o z = 1.1 mm along the beam direction. The quality of i mck-presliower match is 
defined by the quantity d o 2 * (or#/tj f*,) J + ( A i / o r ) 2 , where A,*., i i .'•- the 
displacements between the back and shower positions. Accidental overlaps between 
showers initialed by photons and charged panicles generally give large values of do 2 , 
whereas candidate electrons ire required to have do 5 < 25. Furthermore, the preshowcr 
clusters for the electron candidates arc required to have a charge of at least twice that 
expected from a minimum ionising particle, for each of the stereo views of the 
prcshower detector. The efficiency of the track-preshower much, with the above cuts, 
is measured to be £ . , • (89.9 ±1.1)% using the W electrons. 

2 J Tracking in the Forward Region 

In front of the forward calorimeters. In die pseudonpidity range I.I < lr|l < 1.6. 
are located sets, of End Cap ProporDona) Tubes (EOT), that provide tracking and 
preshower information. The ECFT detector consists of 16 modules (A*) = « ° each) or 
proportional tubes. Each module consist! of two stereo triplets, with an additional 
slereo triplet positioned after a - 2 radiation lengths thick convenor acting as a 
prcshower detector. 

2.4 TheTriggerSystem 

The multi-level nigger system |7[ ii based on the calorimeter information and on 
signals from the Tirne-oT-FIight (TOF) counters (see Fig. 1). and consists of the 
following main pans: 

• The first level trigger uses the analogue aums of the signals from the 
photcmuiopliersof the electromagnetic calorimeter cclliupaohil>2. 

• The second level trigger employs a processor to reconstruct electron and jet 
clusters, using information from » ran digitization of die calorimeter cell signals. 

• The third level trigger consists of a full calorimeter reconstruction algoritfim. 
employing a complete act of calibration constants. 

The TOF counters are used lo generate a minimum bias trigger and to calculate the 
integrated lurrannaiiy. 

3. THE W AND Z CROSS SECTIONS 

In this section we report an the preliminary results for the W and Z cross 
sections, (try/, « z ) 

3.1 The Data Samples 

There are two data samples used in dtis analysis: 



• The "W sazipte" consists of events containing an electromagnetic cluster with 
E T > 15 GeV and with missing transverse momentum, fj . greater than 
15 GeV/c, as reconstructed online: 

_miss .-. -. -»T . 

where E „ n is the;. , j of the electromagnetic and hadronic energies for each cell 
(weighted to compensate for ihc response of the electromagnetic compamrcms lo 
hadron showers) and iicctf is llie projection on tlic transverse plane of a unii vector 
from the center cf Ihc detector to the cell center. The sum extendi over all the 
calorimeter cells. 

• r/te"Zjiimple"consistsofcveniscoiitaining al least two electromagnetic clusters 
with Ej > 5 GeV each, and with A$ > 60°. In addition, the invariant mass of the 
two clusters is required to be above 25 GcV/c2. 

Data were also laken with a single electron trigger which wi s used for 
background esti males. 

32 Electmn Identification 

Electron candidates in the central region Qi\\ < 1) are selected by requiring a track-
preshower match so lie within d o 1 < 25. facing an electromagnetic cluster ir the 
calorimeter. Furthermore, the lateral and longitudinal shower profiles are required lobe 
consistent with those canceled for a single, isolated electron incident along the track 
direction. For this purpose, a quality factor, KX1), is defined using extensive lest beam 
measurements. Candidatei with PGC2) < I0"4 are rejected, as well as electrons hitting 
the truncated edge cells. The efficiency of this cut is measured to be Cprjp) * (96-9 ± 
0.5)% for W electrons, in the fiducial ' r i m s of the calorimeter (i.e. deluding a 5 mm 
region near the inter-cell boundaries). The electron energy is corrected for ibe impact 
point dependence of the calorimeter response as determined from the lest beam data. In 
the forward regions (1 < rql < 1.6). an equivalent selection is made using the ECPT 
tracking and preshower information. 

3 J Neutrino Identification 

The neutrino is identified using the missing transverse momentum, which is now 
calculated according to: 

pv « - P f - l E c d i x u ^ u 

~*T 
where u is now the projection on the transverse plane of i unit vector from me 
inieractkm vertex to the cell center, and the sum over all cells excluded the electron 
"core" cells. The Pj- is corrected downwards by - 1% to take into account the electron 
energy dial is deposited outside the core cells. 

3.4 The Crass Section Values 

The W sample 

In addition lo the cuts described above, we require Pr > 20 Oe We and Px > 20 
e v 

GeV/c. The distribulion of fj and Pr for the remaining sample or 1266 events is 
shown in Fig. 3, and shows the characteristic Jacobian peak structure expected from 
W -* ev decays. The QCD background is estimated 10 be - 1* . In the forward 
regions, a similar selection resulted in 1 sample o f 361 events. The acceptance was 
estimated using a simple Monle Carlo model for die detector response. A summary of 
the numbers is given in Table 1. 

TABLE 1:The efficiency and acceptance values for the W sample 

Central Forward 

Number of events 1266 361 

Electron selection 
criteria efficiency 

|78.l±1.2±1.6)% (81.S±2.7±I.5)« 

Acceptance <38.3±O.S>% (9.9±0.2)* 
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Fig. 3 Distribution of Pj- and Pp for the W candidaies identified in ihe central region. 

-3! 

Prom die above value* and the iniefraied luminosity of 7.1 ± 0.5 pb"1, corresponding 
io ihis data sample plus mull additional corrections due a the trigger efficiency, we 
measure ihe cross section to be: 

<j„ - 630 ± 20 (SUM) ± 50 (syst) pb. 

TheZsmple 

In this preliminary analysis of die cross section, both electrons are required to be 
in the fiducial regions of the calorimeters where it ii easier to evaluate trie efficiencies. 
The invariant mass distribution, Mee. for this reduced sample of events is shown in 
Fig, 4. There are a tool of 86 events with M^. > 76 GeV/c1. Employing a procedure 
similar lo that described for the W sample, die cross section is calculated IO be: 

az « 6117 (SUM) ± 5 (syjt) pb. 

The values for a w and o z are in agreement with expeditions from QCD 
calculations IS]. Likewise, ihe cms section ratio, R,,p » OwAiz- a n ** compared to 
die QCD predictions, assuming three light neutrino generations. This measurement has 
the advantage that most of the theoretical and experimental uncertainties cancel in the 
ratio. The preliminary measured value is: 

Reap- 10.33 -i.i (ttat) ± 0.3 (syM). 

4 . SEARCH FOR THE TOP QUARK 

IjirJusseciio«wc|^veabricfci»crip6^ofUwin«rfiMts^,aiidlhen:5ufe 
obtained coacemiag the search for die top quark. 

At the pp Collider, the krp quark can be produced from (he following two 
dominant processes: 

1) via the went uutractkm: pp -» W + X. W -»tB. or 

2) via the strong imeractkn: pp - » a + X . 
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Fig. 4 The M„. mass spectrum for the Zdata sample (see lest). 

-3! 

The production rale for the lop quark in (1) is related to the W production cross 
section (see Section 3) via Ihc equation: 

Niop « 3 J L dt x c(pp W -> tVc) x PS(m,) x F Q C D , 

where: 
3 is the colour factor. 
1 L dl is the integrated luminosity. 
PS(m,) is a phase-space factor depending on the top quark miss. 
FQCD is a correction for higher order QCD processes, (which was set equal to 1, 
because of its large uncertainties for rniop -My/ • mj, \9\). 

The cross section for process (2) has been evaluated using the full next-to-leading 
order calculation [10,11 J. The results for both processes are shown in Fig. S. 

The decays of the lop quark into final sates containing only hadronic jets are very 
difficult to distinguish from the large background due to QCD processes. We therefore 
restrict ourselves so the search using the semi-electronic decay mode: t -» be v e . which 
has a branching ratio of 1/9 in die Standard Model. In this case, the experimental 
signature consists of events containing an electron, one or more hadronic jets (from the 
associated! orb quarks) and a P j imbalance from the neutrino. 

4.1 TheDausSanpk 

Two dan SJ s were used in this analysis. The fust one is from a total of 2.7 pb~' 
of data collected during the 1988 run, and consisted of alt events containing an 
electromagnetic cluster with E j > 12 GeV. The second one is from an integrated 
luminosity of 4.4 pb"1. collected during the 1989 run. with a trigger using the above 
cut, and in addition requiring a hadronic cluster with Ey > 6 GeV and P j ' > 9 5 
GeV/c. Only electron candidates delected in the central calorimeter were considered. 

In addition to the cuts described in Section 2 (common to both analyses), the 
pulse height information from the outer silicon array was used to reduce the large 
background from electron pairs, arising from photon conversions in Ibemalerial closer 
to the beam pipe, and from Dalitz decays. The candidate electron tracks were required 
to match an outer silicon pad. with a measured charge between 0.6 and 1.6 rimes thai 
expected from a minimum ionising particle. The efficiency of this cut was measured to 
be Ejji~ (73-611.1)* . using W electrons. 
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to 180" We therefore, discard events lying in the interval 160° < A*e-jcll < 2 0 0 ° -

After the above cuts, there remain . total of 137 events. The M T distribution for these 

events's shown in Fig. t. 

4.4 Esiimaw <>/ H'c K UMTOTJ •*'*""' 

Events from the production and decay of the lop quark are eapecled to hive more 

com»l« topologies, and lower energy electrons than the W events which were used » 

determine the efficiencies of the election cuts. The relative toss of efficency was 

therefore studied for each cut: 

. The cuts used to define an electromagnetic duster hive • lower efficiency for top 
events, depending upon the process considered and the top quart mass. For 

otample. the loss of efficiency is approximately 28% for It. 
. The loss of efficiency of the cat on the shower quality factor Kx1) was slutted by 

overlaying (he energy p.i«em of W deccwisomo Monte Carlo simulations of w 

events. This was found to be between I * to i%. 
. The loss of efficiency of the track-preshowtr match and rhe calorirneter was 

investigated using W events with underlying event, characterized by either h.gh 
total E T or hi gh charged track multiplicity. The k m was found " be <J±3>%. 

. A loss of <2±1)S was associated with a decrease in response of the preshower 
detector for lower energy electrons. This was estimated using test beam data. 

Taking into account the above losses the efficiency to find deceons in setfll-
electionic top decays i , found to be 0? * 44.4 * f « to and 34.1 for .T. for . top 
qua* mass. m 1 ( V - 65 CeVA* The relative error on the efficiencies was estimated to 

b e ± 7 * . 

4.5 Home Carlo Simaliiian of Top Events 

The acceptance for top events and their expected M T distributioa were obtained 
using the Eurojet Monie Carlo 1121. This generator contains the nanta elenxniiforibe 
higher order tree level processes in heavy quark production (ix. order O, for lE a*d 
order a s

J for u ) . In the following, we give • brief summary of the results. A more 
complete discussion can be found in Ref. I 0 ] . 
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The lop quirt deny in Eurojei wis simulalcd after hadronisuion inio a lop meson 
or buyon, wilh Hie branching fractions i s expected in Ihe Standard Model for a free 
quark decay. The botiom and charm hadron decays were Iencmed using extrapolations 
from known exclusive branching ratios, and the simulations were insensitive to the 
exact values used. After reconstruction in the IM2 calorimeter, die jets from hidnxiic 
bottom decays were found to be similar to those from gluons of the same parton 
energy, and only slijhly broader thin those from lifbt quark], Gluons woe fragmented 
into light quark pairs, and ihe light quark fragmenution followed ihe parametrisiiion of 
Field and Fcynnun (13). 

Finally, a full simulation was performed of die calorimeter response lo all the 
generated panicles, using lest beam measurements, wilh hadron and electron beams, 
over an energy range from 300 MeV to 130 GcV. The Monte Carlo events were then 
analysed in the same way as die data. 

4.6 Systematic Uncertainties 

Several sources of systematic errors, affecting die acceptance were studied | 9 ] : 
• A comparison was made between the underlying event for the simulated top 

events, and die superposition of minimum bias events from the data. A systematic 
error of ± 4 * for lb and ±2% for tl . for a lop mass of 65 GeV/c 3. was estimated 
widi die above procedure. 

• The calorimeter response lo hadron jets is sensitive to die response la low energy 
hadrons (< 1 GcV). The measured response curve was adjusted to give die lowest 
response consistent wilh die test beam data, thus reducing die acceptance for 
events widi at least one jet wilh Ex > 10 GeV. The uncertainty in ihe absolute 
energy scale of die calorimeter ( t 1% in die electromagnetic and ±2% in the 
hadronic compartments), was also taken into account by adjusting die response 
downwards. In die worst case, Ihe loss in acceptance was 5% for lb and 2% for l i 
for a top quark mass of 63 GeV/c 2, die difference being due 10 the higher jel 
multiplicity in the iT final state. 

• The parameters in die fragmentation functions were varied widiin limits consistent 
with die observed energy flow in jets with Ey - 10 GeV as measured in die dalr, 
In the wont case die loss in acceptance was 296 for bodi production processes. 

The overall error on the acceptance w u obtained by combining the above effects 
in die most pessimistic direction. 

The expected numbers of events from bodi processes, after taking into account 
die electron detection efficiency and the semi-leptonic branching ratio, are given in 
Table 2 for a lop quark mass of 65 GeV/c1. These are given for die full transverse mass 
range, and die range 15 < M j < 50 GeV/c', where most of die signal is expected. The 
numbers in brackets refer to die lower limit, obtained using die lowest values for die 
production cross section and acceptance. 

TABLE 2; The estimated number of events 
fornHop-oJGtVAi 2 

AIIMf 1 5 < M T < » G e V / c J 

17.6 (1J<!) 13.6(10.6) 

As an example die transverse mass distribution piedicied for m , ^ *> 65 GcV/c 2 is 
shown in Fig. 9. 

4.7 TheBaektrovidProeesut 

The main source of associated high energy electrons and iKutrinos in die Standard 
Model is W boson production and decay via: 

W - * e v e or W - f W r , t - f t v e v t . 

These events constitute a background if Ihe W boson is produced in association with u 
high Ex jet. The Jacobian peak expected from W events is seen in ihe P j " s 

distribution of the data (Fig. 7). The transverse mass distribution expecied for such 
events (Fig. 10), w u obtained using the EKS Monie Carlo [Ml, which includes die 
full order ot, 3 calculations. The normalization is taken from the 105 events observed in 
die region Mf > 60 Ge VAr1, where the contribution from die lop signal is expected to be 
small. 

Other, smaller sources of background arise from she decays of die Z boson : 
Z - » e e . orZ- tTT, T-> c v e , % -» vOi; which can simulate missing pj- if one of die 
electrons is misidenufied as a jet. They were estimated using die EKS Monie-Culo. 
Likewise, die process pp -» bb + X, b-» e v e c produces electrons from lhe 



1 0 60 BO 

rt, (GtV/c 2! 

100 

Fig.9 TlieMT<liitribuliMifortlieiop<I«»yswiihniBp*65GeV/c2. 

I.U W-«-T« T .T-*-««,V T _ 

w-»ev, . -
2,0 W-* .TV T I T- i»ev t v t 

i: r -

i« > L 

£« . 
« r̂  
! • jJ~ 

ri"' n f. 

J7- L 
20 10 60 SO 

My I G E V / C ' ) 

F i t lOTbeMTdismbudonfocWcTOiUobui icdus ing l iwEKSMof iKOi to 



scmileptonic b decays in association with a jet from the charm quark. The magnitude of 
this background is estimated |9 | using the Eurojcl Monte Carlo. Finally, the QCD 
background, due to jets misidentiiled as electrons, is estimated from the data |9]. 

A summary of the event sample and the estimated background is given in Title 3. 

TABLE 3 : Event sample and backgrounds 

A U M T 15 <MT<»C3eVA^ 

Z - . e c . 
bb 
QCD 
W events 
Total backgrounds 

2.510.6 
1.010.6 
2.411.5 
148.5114.5 
154.4114.6 

1.610.4 
0.510.3 
2.111.5 
22.013.0 
26.213.4 

Observed events 137 17 

J.tt Mass Limits 

A brief summary of the technique used to determine the mass limit is given. 
Limits on the lop mass were obtained by comparing the M T distribution of the observed 
events with that expected from background sources alone, or in rat presence of a top 
signal of a given mass. The M T distribution lor W events is taken from Fig. 10. The 
enact shape of the Mf> distribution for the other background sources was uncertain, 
mainly due to their small numbers. However, (he results were unchanged if the best 
estimate of the shape was replaced by a flat background distribution. The expected 
signal contribution was taken from the Eurojet simulation using the appropriate top 
mass (for example the distribution of Fig. 9 was used for a top mass of 65 GeV/c 2). A 
likelihood fit is performed to die observed events with two free parameters, giving the 
fraction of die event sample due to lop decays and to background sources other thin W 
events. No normalutaiiOD was imposed on die number of W events, but for the other 
background sources the estimate of Table 3, with its error, was used. For each top 
mass considered, the fined signal wis consistent with no top production. The results of 
the fit yield the following limits: 

m, o p >o9GeV/c I (9SCL. ) . 
or 

m , o p > 7 1 G e V / c I ( 9 0 C L . ) . 

5 . CONCLUSIONS 

The UA2 detector has collected a data sample corresponding to 7.4 pb' 1, during 
the 1988 and \{>f» data-taking pcrkxls. Preliminary results on the W and Z cross 
section are: <»w > 630 ± 20(s!at) ± SOfsyst) pb, and az - 61 ± 7(stat) 1 S(iyst) pb. 

A search has also been performed for evidence for lop quark production. We find 
no evidence for such i process, and obtain the following lower limits : 
m t Q p > 69 C«V/c 2 (95 C.L.). or m^p > 71 GeV/c 1 (90 C.L.) 
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Selected Preliminary Results from CDF 
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2 Description of the Detector 

The CDF detector (2) ii a genera) purpoiv toleooldal detector with tracking and 
calorfaucrte carnage aver ne-ity <n« fail wLd angle. An efenttoa vter of otrt katf 
of the detector (which ii forward-backward lytruiKtric) ii ibown la Figure 1. Moving 
from the Interaction point outward in the central region (i.e. at pteudorapIdllFef1 

111 < l)t " n e encounter* tueteiilvel; the Ttttti time projecttuu chamber, the ten* 
l td tracking chamber (CTC), the central electtoinagnetfc calorimeter, the central 
hadron calorimeter, and the central muon chamber!. In the forward aa4 backward 
regioni [)rj] > 1) the caloiimettjr li provided br tie plug and forward calorimeter*, 
and forward muon chamber* with fteel toroid* provide muon mealUftmeait orer a 
limited pa/1 of the tolid angle. In the region Ln front of the forward and backward 
dttwtoti are •cinttllatorj that corer the pteudorapidity region 3.2 < |ij| < &,*, They 
are uied to trigger the detector on inelastic ftp Interaction*. 

The Vertex Time Projection Chamber 

The vertex lime projection chamber (VTPG) [j] couiats of eight tbne projection 
modulei surrounding the beam pipe and mounted end-to-end along the bean diree-
<ion (the x axii)*. The tjveem provider predte r-t tracking for {i|| < 3.3 awarder t« 
locate the Interaction vertex and to recogalie multiple beanvbeam interaction* (in 
aii-bunch mode at a luminoiitjr of £ = I0 > *cm - 7 i~ l

1 7.596 of Itvnck rrcmiagi with 
Inter Action* contain more t b u ofl* interaction). The letcMiou on the r position of 
the vertex it typically » few millimeters. 

Special care was taken to minimise the amount of material in the chaanber In 
order to reduce ~>hoton conversions and multiple Coulomb scattering of charted 
particle*. The conversion removal algorithm mentioned in rabtefueit section* nae* 
the VTFC tracking, removing any electro* candidate having few** than M% tit the 
maximum poutble number of VXFC *j»ce points. 

The Centra] Tracking Chamber 

The central tracking chamber (CTC) ]«] li a Urge tjlucfeteal drift ihamhar am-
lainlng 60 (34) l»y«i of axial {±3' itcreo) Kite wire* organised sat* *** (tew) 
itiperlayeri. The large lilt (45*) of the M«e wire cell* wkh rasped t* tht fadsal 
direction ensures that excry high transverse momentum (pr) trad BMtt past deae 
lo at kait one tense wire In each superlajrrr, permit tlag a straightforward 'piiawpl 
hit' high-pr charged track trigger. Operated la the 1.41 Teila inleaaidal naagaetlc 

'PMttAMBftdiljr q h atftacJ u f * ' ' [ ' " ( t N " * i r i L ' 1 T 1 # / — m ^ i 1 t i a ' t r 
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field*, the CTC transverse nioinenturn resolution Ji ipr/Pr = O.D02pr [GeVfe)~K 
Constraining tuck trajectories to past through the beam position improves the 
momentum resolution to Jpr/pr - D.OOllpr {GeVfc)'1. 

The Central EM Calorimeter 

Tfa* central electromagnetic calorimeter (CEM) [5) li a Itad scintillator sampling 
calorimeter of 18 radiation length thickness, segmented iota IS" wedges in aximuihal 
angle •). Each wedge contains 10 project! re towers eub tending O.t units of ptetidarn-
pidity. At »j ^ 0, this geometry $i«s iUe to a region of reduced eakniinttcT response 
approximately 8 cm wide, A itrip chamber with wire and cathode atrip read-out 
if embedded in lb* calorimeter after approximately 0 radiation lengths to provide 
•bower petition determination And longitudinal shower development information. 
The wires run in Ibe r direction (parallel to the beams), and thus measure the 
shower shape in the r-d> place (i.e. ibe bead plane ol* the solenoid*] magnet); the 
cathode strip! fua in the d> direction. 

The calorimeter waa originally calibrated [6[ in an electron test beam, and Ci ' J I 

sources are u«d to track the energy reiponie to better than 1%. The final calibra
tion is obtained using an inclusive electron sample from the fp collision data; the 
procedure will be described in detail below. The electron energy resolution of the 
CEM ii well diicribed by <r(E)/E - 1 1 5 ? 5 / V E T e 1-7% (for E r in CeV), where 
the 1.7% term represents the average uncertainty in the individual tower ealibra* 
liana. The strip chamber position, cetoluttoti it ouuured to b« ±Z£ mm (or 25 G*V 
electron*. 

T h e Central Iladrnn (T*lorimeter 

The central b*dron calorimeter (CHK) [7] is a steel-scintillator sampling calorimeter 
approximately 5 absorption lengths deep. The tower fcwneti., matdm thvA ot lh* 
CEM; i.e. wedge* of 15* in ailniulhal angle mbdMded into towers of 0.1 units in 
pieudoraptdity. The energy resolution is approximately tf(E)/E * 00%/vTvr-

Each CIIA photomultlplier tube ii equipped with a lg-blt XDC la order to reject 
out-of-time energy from cosmic rays or back-ground from ike Fertnilab main ring, 
which is near the roof of the collision hall, above the detector. 

The Central Muon Chamber* 

Behind the central hadron calorimeter, for jij[ < 0-65, is a series of drift chambers 
comprising the central muon system (11). Each calorimeter wedge contains one 
chamber (four * i « pbmw) of aeimutbal dimension 12.6°, leading to aximuthal gaps 

'For iht » | 1 4*i• i«liu{, the Aiii valut • » l . i Te»la. 

in the central muon system amounting to 16% or the fiducial regioo. The chambers 
use sLaijehitTDCifor position mtasafementi in the aiimutb^dirgctioTi> anj Atiftia 
a position lesolalioq of 250 sun. In the beam dircctionr charge divuton i* used to 
attain a resolution of 1.? nun. The geometry of the chambers also allow* them to ba 
used to form a. first level trigger for penetrating tracks with a transverse momentum 
pr greater than a given {programmable) value. 

The Ping and Forward Calorimeter* 

la the region 1 < il) < 4.2 energy measurements ate provided by the plug [8] 
and forward/backward (9, 10[ calorimeter system**. These are finely tegmented 
gas sampling calorimeters with cathode pad readout, and are used in the analyses 
presented here only to extend the jet coverage of the detector? u d to measure the 
total transverse energy in the event (i.e. we do not use these systems for electron 
meaiiirecaeflti). The hadronjc energy resolution in these regions is approximately 
<T(E)/£ = 100%/VCr-

The 1 Y i « e r S y i t e m 

The CDF trigger *y*lem " *t»o-lere) PASTBUS-bascd system of micro-coded pro-
<*iiott [12f followed fay * Lcvel-3 'farm'of VME-bawd processors [13] running offline-
like algorithms written in high-level languages 

To signal an inelastic pp interaction, all triggers require a coincidence in the scin
tillator counters located between the central detector and the forward and backward 
anru-

The leveM decision is based on global transverse energy deposition In the calorime
ters, a* well as the high^px track and high-px muon-candidate trigger* mentioned 
above. The Icrei-2 trigger incorporates a duster finder and operates on. calaitrat-
tcr clusters and high-pr trades, corxelatiaw. information across deled or sub-system 
boundaries and pertnitiing one to trigger o* physics 'entitles* such at electron*, 
xnuons, or jets. The clatter finder uses physical calorimeter towers ganged together 
into 'trigger towers**, tfcu retaining some of the detector granularity ac the trigger 
lercL The |cvel'3 algorithms receive the data in the standard offline data struc
ture* and ait used to improve background rejection; for example, EM strip chamber 
data. two>duncasioBal (r-f>) CTC Hacking, and eakefantter noise rejection are all 
available to lerel-3 algorithms. 

H is germane to this discussion to illustrate in some detail a few of the triggers 
that will be sued in the analyse? presented later. 

*Foj |ij| > 3.t, tat catarimcMT depth ia rcdactd dec M la* ptttttct of law-0 qaadrape^a. 
*Th* ( i i u « tqwcri Uf W •» * t j 0.2 l » b ia 1-



The Inclusive Central Electron Trigger 

Much of thf; electroffrak And heavy flavour physics accessible to CDF ha* as a 
pos*in)e *iganture « large IrAnaverse energy electron. The strong magnetic field, 
precision tucking, *od finely segmented projective calorimeters of CDF sue wtit 
suited to ii clean, high-purity electron trigger. 

the levtl-1 requirement i* an ET deposition in the central tlMtronugnttlecalorime
ter of at !east G GrV in * smgfe trigger tower. The /erel-2 electron trigger requires 
A centra) duller of Er greate* than 1} GeV, with a ratio of badrook energy to 
electromagnetic energy less thfcn 0,125. In Addition the lerel-2 trigger reqolres a 
prompt-In t track with a pr of At least 6 Ge V£ (ibe threshoJd is the 90% efficiency 
point for this netting of the trad proctffor } t matched to th« w position of the clus
ter. The level* 3 algorithm reelusfer* the energy using the physical segAieatatioa of 
the calorimeter, and require* the cluster lo have fewer than fow to**n i* *tingle 
nedge. The wedge corn traction ensures that well measured electro* tfcowers do toot 
cross wedge boundaries. The energy sharing among the towers if required to be 
consistent with that expected for an electron, nt i$ the atrip chamber pulse shape. 
For elect rani of f^ > [5 GeV p«s<trre the offline criteria (tee below), this (rigger 
is 98 i 0.5% efficient. It has a raw rate of approximately 250 nb, which tni14 b* 
substantially reduced online with r*» loss of efficiency by tightening the selection 
criteria in the level-3 algorithm. 

The standard offline algorithm to identify electrons (Uf uses tighter cuts on 
the above variable* » well as tVe ratio of raergy to n»M«red track momentum 
(E/r) "oil fceomrUical matching of the measured strip chamber shower to the inch 
trajectory. DUtrihulion* of some of these quantities and the cut ralnes are shewn 
in Figure 2 for an unbiased sample or electrons selected wing the missing irans-rene 
energy &r- The cuts <an be seen to be very efficient. Inside the fiducial regie* (away 
from + wid. n cineks) the overall effititnty it approximately 77%. The domiuat 
losses w due to cuts on the strip chamber wire profile and the eat tm E/J>„ 

The remitting rate of electrons is approtlmatety 5 ub; we will see b s W that 
(his sample is dominated by physics processes (In partitnln QCD production of 
fiS quarks and electroierat production of W 1 ) and r.itthj non-electron backgrotmd. 
Ttm the trigger and the e-ffiifle reliction f unit in a small, very pare electron sample 
conducive to the study of QCD an3 elettroweak processes. 

The IIKIUHYC Mvon Trigger _• 

The levd-1 requirement for the inclusive inutm trigger is a trade in the tpaoa (hams 
hers with a transverse momentum p T abort 3 GeVfc, using the chamber geometry for 
a rough momentum measurement as described above. The lereb2 trigger reovuxes 
a CTC prompt hit track with p, greater than 9.2 GeV/fe (90% efficiency point), 
Fi.itJly, the level.3 flection use* the 2-dimensional CTC tracking and requires a 
trade with p T above U GeV/c, matched to the position (is 4} of the natron chamber 
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track. The trigger has A rate of approximately 130 lib. 

Offline, the criteria used to select mu«u are the CTC-inuon chamber track 
matching in both position and angle and the energy deposition in the calorimeter 
(required to be consistent with a minimum Moiling particle). Figure 3 shows the 
distributions of these quantities and the cut values for an nnbiaKd sample. 

Jet Triggers 

Jet triggers are based exclusively an calorimeter information. The level-1 require' 
meat is at least IS GeV of transverse energy in the entire detector (summed over 
towers having at least 1 GeV E^ each). The level-2 trigger cluster finder start* from 
a seed tower of at least 3 GeV E, and finds all contiguous towers with at bast 1 
GeV Br- Cluster thresholds are imposed at 20,40, and CO GeV, with the Am two 
being predated by factors of 100 to 300 and l i to 30, respectively. In addition, 
there is a trigger on the total transverse energy being greater than 120 GeV, and * 
multijet trigger requiring three or more cluster* above 20 GeV Er

in tbe 1987 run, oaly the level-1 trigger Was used, with Ej thresholds of 20,30, 
Add 40 GeV set over the central calorimeter only. 

3 Calibration and Energy Scale Determination 

This section hi* two main topics; one U tbe determination of the central electro
magnetic calorimeter calibration and the momentum scale of the central tracking 
system, important for precise W and Z mass measurements. The other is n discus
sion or tbe energy corrections that muit be applied to calorimeter cluster* in order 
to relate (he underlying patlon (gluon or quark) energy to the cluster energy-
Energy and Momentum Calibration for Electrons; 

As mentioned above, the initial calibration of tbe central el« tromagmetic calorimeter 
was obtained using election test-beam measurements, u d the calibration, for each 
wedge was tracked in *i(* using Cs l l T sources. The accuracy of this calibration {of 
the order of 1%) is insufficient for high precision W* and Z* mass measurements, 
and a very Urge inclusive electron sample makes it possible to use the data itself to 
calibrate the detector with improved precision. First, the mean valve of the ratio of 
energy to momentum for a sample of inclusive electrons, {£), was used to Adjust the 
tower-to-tower calibrations and to tie the overall energy scale to the noomentumscale 
as determined by the tracking chamber and the magnetic field map (the Utter is 
known to better than 0.05%). Tbe width of the E/p distribution and tlw number of 
electrons in each lower resulted in a (typically) 1.1% uncertainty on the calibration 
of each tower. This 1,7% is tbe tower-to-tower term quoted above which must be 
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ndded in quadrature with Ihe energy-dependent r MO tut Ion term v and Is, a statistical 
(not a systematic) uncertainly. The results of the tower-to* tower adjustment (Figure 
4) show a mean tower corn ttteni compared to the 1997 source calibration! of 1.6!%, 
demontttating tht long-term atabilf ty of the imirre calibration. The width f m u ) of 
the corrections i i 2.7% and represents the convolution of the 1.7% lower-to-tewer 
uncertainty and the error on the original "ource calibration. 

The mean values of E / p for electrons and positrons were then used to precisely 
align the t r a d i n g chamber by wire-laye* rotation. The wire-position corrections 
were typically 35 /4m (a rotntion of approximately 30 prad)* and the resulting align' 
meat li accurate to better than 5 fim. The baii i o f th is method is the observation 
t h * t t h e abwrptrve p t o i » » of caloiimeiric measurement cannot distinguish between 
charge , wfuie any gecmrf ric d/»*«f ionf <>t alignment errors' ot rfc* chamber lead1 to 
absolute sagitta errors and thus tfinrgc-dejxndcnl errors: 

$mtuwti = Sf*t ± f$ • 
where the superscript? indicate the charge of the par t ide and SS represents the effect 
of distortions or alignment errors. Note that chttrge-indeprndent sagitta error*, tan 
be absorbed into the overall momentum scale uncertainty, which will be discussed 
below. 

Finally, having adjusted th* electromagnetic calibration based on ( | ) + -f ( J ) _ , 
and aligned the central chamber based o n ( £ ) - { J ) (where the tubicripti indicate 
the p w t i d e charge.*) of an inclusive elect ion sample, we ha** two cross-checks o n 
OoT absolute cticrgy/piomentum scale. One ii the shape of the E / p distribution. 
for electrons from the process W ± - * t i i r , shown in Figure 5» These elections are 
affected by both interfl.J and rx.ternnl kremntrahU fig which i* precisely predicted by 
QED, and the distribution is neither centered on, nor symmetric about, a value of 
1.0. Figure 5 shows the data and the results of a Monte Carlo calculation including 
calorimeter and tracking resolution as quoted abort and the full effects of radiation. 
The agreement between the two if excellent. The statistical agreement between them 
introduce! an uncertainty c f f l . 2 ^ in the cataitauttr tntrgy leaie. Additionally, there 
is a 0.3% uncertainty arising from p o u i b t t uncertainties in the radiative calculation, 
so that the final uncertainty on the energy iralc is smaller than 0.4%, The second 
check, which serves to #st*bli»h the uncertainty oil the absolute monKntmn scale, 
is the agreement of our measured masses of the A"* , / /«* , and T c l t h the accepted 
values (see Figure 6) , We mresure, using tracking information only, 0.4977 ± 0.0003 
GeV/f', 3.09G ± 0.001 GeV/e J

t and 9.459 ± 0.010 GeV^», respectively. The fat of 
these is Iff <0.1%) above the accepted value of 9,4003 i 0.0002 GtVfc*, allowing us 
to conservatively set an uncertainty on the momentum (mats) scale of 0.2%. 

J e t E n e r g y C o r r e c t i o n s 

The jet energy scrde must be understood if one is to identify jets with initial partons 
awl compare jet nw-fuvuTeinents to Q C D predictions. For the jet studies discussed 
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below, an energy correction was applied that includes effects due to the noB-linear 
low energy response oftbe calorimeter, energy bom the underlying treat, clmterjpg 
effects, leakage, and energy in urumtruueDted regions of the detector or regions of 
reduced response. The calorimeter response was determined Brum lest beam data for 
pioc* with p T > 10 GeV/c, and from isolated lav p T picas in minimum bias events. 
Tbe non-linearity at low p T ii a> large as 30%, The effecti of tbe underlying event 
were studied by tooling at the energy flow far Horn the jet. Leakage aiid cracks were 
studied by using tbe IS A JET [15) Moot* Carlo event generator wiih afull detector 
slmulatioD. 

Tbr final energy corrections (see Figure 7) vary iiDm 3354 to 175* for uncorrected 
cJuiW transverse energies between 20 and 400 GeV. Tbe systematic uncertainty «u 
the corrections rarie* from \2% to \%. Tbe Urges* single correction U due to the 
ago-linear low-energy response of the calorimeter; the largest uncertainty ou the 
correction come* from (be uncertainty on the fragmentation function of the jets, 
combined with the calorimeter non-linearity. 

4 Top Quark Searches 

The Standard Model require* an SU(2) isorfoublet parti er of tbe bottom quack, 
commonly called the top or t quark; 

o o o-
Experiments in e*e~ annihilation at Tristan (16] and SLC [I7J require tbe top 

quark to have a mass above 30.4 GeV/c1 and 37.5 GeV/e3 reap tct irely. From pp colli
sions at CERN, mass limits.of 6S GeV/c* [18] and 67 GeV/c3 | 9] have been inferred, 
finally, consistency of the Standard Model parameters in low Q' (p scattering) arid 
high Q1 {W and Z production and decay) processes (20] gives &• upper limit* of 180 
GeV/fc*. 

The cross section for production of top quarks in pp inter tctions is shown in 
Figure 8. At >Jl = l.B T*V, unlike the situation at the CERN pp collider, U 
production is the dominant process for all top masses, Tbe Stai dard Mode] decay 
of tbr top quark u via the cka/ged current ptaca* t-,W+ + b. The >Vt which, may 
br virtual or real (depending oa tbe lop quark mass}, decay* uvo leptons or a e/j 
pair. The 4-jet final state, where botb W bosons decay to qq purs, accounts for 
approximately 44% of crests. Tbe electron and moon one-leplon final states (one 
W decaying into e or /#; account for 30%, Finally, di-Iepton (e cr p) final stales 
accouni for 4% of erenti.. 

Tbe background)- in the Tarioui channels are very dUTcrmt. Ibe Urge QCD 
multi'jet cross section make* tbe use pf Ibe4-jet final state a formidal le task except 

"Tail MpfK* liiail w olt i lattd for • iufft a m of 100 CCV£*; lot tw in Hifja miiMi l ie 
top •»Hiimiclttfc«wafo«Ha|a(kHirftiKtiTe, 
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for very heavy top mass, and forces one to consider only final states containing at 
least one lepton. The single leplon final states will be dominated by electroweak 
production of W+2 jeti and <JCD production of At pain. The dMeptoo final states 
have Drcll-Yan and resonance backgrounds for the t - e and p - n channels which 
are present in the e - /i channel only through Dfell-Yan apd resonant production of 
J- 'T ' , Here we will concentrate on the e - /J and e + 2 jet* final states. 

Tup Search in the e -f tt Final State 

Both the incluiive electron and inclusive anion triggers described above ace sensitive 
to e/i events. There U also a special e/i trigger requiring both an electron candidate 
with Er > 5 GeV and a jt candidate with p T > 5 GtVfc However, in this search for 
a heavy lop, we use only the inclusive electron trigger. 

The offline selection requires an electron of transverse energy E T > 15 GeV 
using (he standard cuts discussed above, together with a muon candidate. Photon 
conveniens are removed by requiring a minimum number of VTPC space points, 
» discussed above, and by vetoing on electrons with an oppositely charged CTC 
track nearby forming a taw mass e+e~ pair. The algorithm is measured to be 88% 
efficient for photon conversions, and rejects approximately 7!% of non-conversion 
electrons. The electron reconstruct ion efficiency of 77% quoted above is slightly 
reduced for a lop quark search due to pot * ible overlap between the electron and jets 
in the event. Thw hu been studied using the Monte Carlo and reduces the electron 
selection efficiency to approximately 70%. The muon candidate is required to have 
|n| < 1.2 and to be minimum ionising in the r*Jorimetcrs (•'.*- with greater than 0.1 
GeV in the calorimeter but less than 2 GeV in the EM and 6 GeV in the hadronie 
compartments, respectively7) and must satisfy one of the following two criteria: 

• Either have p T > 5 GeV/p and a distance in £ of less (ban 30 mrad to a muon 
chamber track segment, or 

* have p x > 10 GcV/c, and he isolated in the calorimeter, having less than 5 
GeV of transverse energy in a cone of R - 0.4 uound the union*. 

Fiducial cuts are also applied to avoid the regions of reduced calorimeter response 
around wedge boundaries. The second of the two criteria above is designed to 
increase the pseudo-rapidity acceptance for the muons from |q| < 0.65 (the coverage 
of the central muon system) to |n| < 1.2. For |fj| < 1.2, the acceptance of the 
fiducial cuts is 84%. Within the fiducial cuts and for moons of p T > 20 GeV/;, 
the efficiencies of the muon selection criteria have been measured using samples of 
2D-./i<>~ and found to be 93 ± 2% (96 ± 2%) for muons with (without) a muon 

rThe lypicfkl utaircKc catifj dtpetiled bj * niauxaimioauiai particle is 0.5 GeV ia At Ell 
calorimeter u d 2 GeV in ibe LadiMi ealorimctci. 

*Tbe e c u radios ft u defined u R = ^lAAJ* + |A^)*- Tat lomti b*icne£ b j Ike mmtm im 
cictuded from the itun. 

chamber track segment. As in the case of electrons, efficiencies fur a tup quark 
search are slightly smaller because of the posaihte overlap of the uiuon with a jet. 
Using the Monte Carlo, we estimate the top search muon selection efficiency to be 
approximately &b%. 

For these iclection criteria, 45 opposite-charge eft events ate found in the data 
sample. Figure 9 shows the scatter plot of Er(e} vs. pT<p) for the data, as well 
as far ISAJET Monte Carlo iampl" of M and ft production9. The decays of an 
intermediate mass top quark generate leptons with large transverse energies, whereas 
the leptons from bb production are concentrated at lower transverse energies. In a 
top quark signal region defined as 

Er(e) > 15 GeV, PT(/J) > 15 GeV/e( 

we End a single event. In this region, background from bb production is negligi
ble, and we expect approximately one event from 2°—r*r". However, the lepton 
momenta from Z°—T*T^ events are generally low (below 20 GeV/c), and the prob 
ability for an event from this process to have transverse energies, eiceeding those of 
the candidate event is small. We also expect of order 0.2 events in the signal legion 
from WW and WZ production. 

In Figure 10 we show scatter plots of the minimum lepton transverse energy w. 
A#, the uimutbal angle between the leptons. The leptons from 44 production are 
primarily back-to-back in azimuth, with sume events close to &^ = 0 resulting from 
the gluon splitting diagrams. A small number of events are present between the 
forward and backward peaks, and come primarily (torn flavour excitation diagrams. 
Again, the decays of a heavy top quark produce leptons of higher transverse energy, 
less well correlated in A#. Finally, in Figure 11 we show the electron isolation I, 
defined to be the ratio of the-energy in m cone of R = 0-7 cent-red abouS the electron 
(excluding the electron E,) to the electron transverse energy; 

t y - - Ex'"""' 

Well isolated electrons will have an isolation value close to 0. The heavy quark 
decays generate veil isolated electrons, whereas the electrons from b quark decays 
are generally not well isolated. The shape of the data is consistent with that of the 
bb Monte Carlo sample. 

Assuming that the single event in OUT signal region is from top decay, we may 
calculate an upper limit on the if cross section. The efficiencies of the selection are 
shown in Figure 12 as a function of top quark mass. The (election criteria have * 
systematic uncertainty of 3?o (electron) and 3% (muon) for top quarks In the mass 
range from 30 to 50 GeV/c3. The uncertainty in the efficiency of the lepton E,. 
cuts arising from changes to the lepton transverse energy spectrum from t quark 
decays waj estimated by varying the Peterson parameter (21] in the fragmentation 

•Ta* bl ftfodfettioB 1*1** iat* accovat «U three proccftff thousal 10 be impoiuni, i.e. duett 
prodactwa. fjaoa tplillllf, u d latmu «dt*tic«. 
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function, and varies from 2Q% for mivp = 30 G*V/c* to 10% for m ^ = 70 KitVfc1. 
The acceptance unrertAmty wu obtained by comparing ISAJET and FAPAGENO 
(22] Monte Carlo raJcuIatiotu, and varies Erom 30% Tor mf V = 30 GeVjfe* to 4% for 
m , 4 = 70 GtV/c1. The uncertainty In the integrated luminosity of the data sample 
jj 15%, arising primarily' from the extrapolation of the pp cross section to </* =s 1.8 
TtV from Iowa energies. The systematic uncertainties, assumed to be Gaussian, 
were convoluted with a Pulsion probability distribution for the one observed1 event 
to calculate an upper limit on the number of events in tbe signal region. Using 
the Monte Carlo calculations of If detection efficiency (as a function of m ^ ) , the 
lerai-leptooic branching ratio, and tbe integrated luminosity, we calculate the upper 
limits on the ti production MOM section •bow* in Figure 13. Tbe 1&% eotUidence 
level upper limit Intersect* the lower bound of the theoretical predictions [23, 24] 
at m ^ s 72 GeV/c'. For lop quarlc mams less than 30 GeVfc3, the « production 
cross section is very large but the efficiency of our rati is very small, primarily due 
to the requirements on the electron E? and tbe muon Pn and we conservatively 
choose to use 30 GeV/c1 as our lower bound on m ^ . 

Top Search in the e 4jets Final State 

In spite of a laigex rate than lb* tp foal stale, the search for top m the e+multl 
jets final it ate ii complicated by considerable background* &om QCD fciprodictfon 
for low electron E, and from W+jeti for higher electron Ex- In particular foe top 
masses above the W man, the top quark decay* to a real W and the tv transverse 
masV can no longer be used to discriminate between the two processes. As well, 
hi this mass range tbe two b jets are Terr soft and not easy to detect. 

The event selection tequired m electron candidate with E , > IS GeV, and at 
least two jets in the region |ij| < SwithEr > lOGeV.Tbeeketronwaaieleeted using 
the standard electron criteria, with photon conversions removed, aa described above. 
If the cfTcctiTe m w of the electron and any other electromagnetic cluster In fa (rent 
is above 70 GeY/e3, the pair Is considered to result from the dewy Z+-*e+e" and 
the event is rejected. Finally, an explicit electron isolation requirement waa applied 
to reduce the background from A* product JOB: the tolal E* ia the tsdoristeter towers* 
immediately *dj»« nt to the election waa required, to be leas tha* 2 G*V\ Stidks 
uiing electrons &om FV*decays and Monte Culo samples of tf and tf eveftti aknr 
that thlf Is very efficient for heavy top while rejecting most of the l l events. 

Figure 14 shows the scatter plot of E,(*) v*' milling truvene energy %t to€ 
tbe 512 events in tbe resulting sample* There is an accumulation of events at small 
B? and small £? due to residual bh events; the region at large E , and large £» U 
populated by W + 2 jet events. The intermediate region Is where one would expect 

"The inaiveij* IOM U deftavd ar. 

mT = ^/tRrtt[l - CM Afl , 
• h m o> i» Lie uizxn tail angle between tat tlettfea awl tar WMWH tTtoavtme aiersj twist I V 



to He if events. One of the moie leniHive variables to the presence of tt events In 
our sample ii the transverse m u i m?. The distribution of m, is shown in Figure 
15Afor the datasample, a PAPAGENO Monte Cwlosimulation of IV + 2 jet event*, 
tad an ISA JET Honl* C u b simulation of If events, with m ^ s 70 GtV/c1. For 
these distributions, cuts on the electron transverse energy E , > 20 GeV and on 
the mining transversa energy «% > 20 GeV (drown a* * dashed line in Figure 14) 
have been applied to remove the (I background11, leaving * sample of 104 events. 
The W simulation shows a Jacobinn peak new a S U M of 80 GeV/c3, while roost of 
the event! in the ti simulation bare lower transverse muici. The data {• very well 
explained by the W simulation alone, and shows no excess corresponding lo lop 
quark production and decay, 

to order to unravel quantitatively the uncertainty in our transverse mut calcu* 
lation, the possible signal from a top quark, and possible inadequacies in the rV+ 
Jet 1 simulation, we turn to a sample of event! containing an election and a single 
jet, where we expect any top contribution to be negligible. The transverse m u i 
distribution, again with the cuti E , > 20 G«V, t j > 20 GeV, li shown in Figure 
15b together with the Ifonte Carlo distribution for VK + 1 jet event!. The excellent 
agreement in ihap* of the Monte Cuto and data indicates that we understand the 
miffing transverse energy measurement in event* with electrons and jets, and that 
the Monte Carlo adequately models the W+ jets process; the noanaUiation agrees 
with thai predicted by FAFAGENO to within the theoretical uncertainties of the 
W+jela cross section calculation, typically ±50* |2&]. 

Tbc very different shape* of the W + 2jet and It transverse mass distributions, 
for nit** < *T*W + "U> allow us to place an upper limit on the number of if events 
in our sample by filling the observed transverse mass distribution (Figure 15a) to 
n linear combination of the expected spectra from ibe two processes W + 2j*ti and 
li pr otto tt ion: 

oVrer \amjfu \dm, / w+fru 
The mass Interval 24 GeV/?3 < m^ < 129 GCV/E'1* fit using a m«in-m likelihood 
l«canj«jwe. For top cjuwk masses m ^ > 15 GeV/c1, the cuts 

B, > 20 GeV. tt > 20 GeV 

we applied. For lower masses, we use instead the cute 

E , > 15 GeV, tV > 15 GeV, £ , + E , > 40 GeV, 

indicated ia Figure 14 fcy the dot-dashed line. These cuts we more efficient for 
lower top quark mas***, at lb* pries of a slightly larger background11. We do not 
£1 ibe transverse mass distribution below 24 GeV/e3 because our cuts on Br and 

"Fm b w j top ( m ^ £ SO GtVfc*) IfctM Ota proridt good cadtacy u d Itti* * qawk mmd 
SM-tleeUoa b*dc|ifeMd* otbuXcd la be •ppteiuMlttr 11%. 

"The * <jUik and •— tWtitm backgreiud la Lki* U a f l i «f IK «vr*t» k tJti»»ud to be 
•aymasBUlj XrX, 

file:///amjfu


tA 
H 
Z 
> 

"0 20 40 60 80 100 120 
MT (GeV/c') 

Figutc 15: a.) TJsc Uanivriit? m m m f >Jii tribal ion for Ine ** •+ 2jtl dal* Haprt (*>po 
pointi) with Mosle Ctvilo IV (- 2jM (telid line) sad « (duhrd liar) predktioBi. A top q u i * 
ni»*i of 70 C*V£ S w u uwd foi th* il curve, b) Tfc* EruurccM m u i «4i*tiibmioa foi l i t 
* + Ijrl dais (points) with a IV + Ijel Montr Cwlo piedktiop (*oEd live), aaijijalurd1 to 
*qitaO a m . 

m,„ (GeV/f) o(±<lel±a*0 n fi predicted »i£ (P*) 
« 0.1)7 ±0.l» ±0.02 m±« <:<» 50 0.00 ± 0.0. ± 0.0J 123 i J l <M« 
«f o.n ±o.o»± ecu 101 ±23 <4M 
10 oooifjlimi «±« <3H 
H 

oooifjlimi 
M ± 6 <I»1 

Table ll The fitted ti ecatrihatioa to Ike e+Sjel maple, with t ie predicted (umber 
of l( ereatl ead the K% apper limit oa Ike II exote aectioa, a* i feact-os of top 
quark maar. See text for deUib oa the quoted uscef taiatiei. 

1% leave few top create ia thia regkw. It u north petalia*; out that aay t nidaal 
a quark, coareriioa, or wm-electroci bacberoaada will lead to hare low tiaairene 
marl. Becaare the li traaurerte maM diatrieatioa pcaka below the rV+jet* dlitri-
bulk*, tboe backfnutda will tead to w n w the fUted if tnopoaeat aad that a 
will be *B orerotimate of the if rVactioa la the data. 

The i t tenlti are ebowa ia Table 1, ezpreeeed each that the ubnirathK of the 
ncoarier o( errata trrdkM l>T t k aUadaid m c ^ woald reaait ia both a aad 0 
eqaal K> 1. The Sited top awark coatribatiea if nrttth anaDer tkaa the etaadafd 
nadel ttedkUoa lor a l top ajaarc a m i n lew tkaa M GtV/t?. The tyatemalic 
aacertaiaty oa g aaowa la Tabic I ariat* rVaaa a aaaibai cf aaajtaa. Thejcteaergy 
Kale waa ttadied aaaag direct T ereata which are belieeed to be aVaniaaied by a 7 
rernilaay, aaakert a alagle parloa, with liaaietric erMewy balaara betweaa the 7 aad 
the aartoa-iaHiated jet. The law E , elacttaa larapli. doatiaaled by hi prodacUoa, 
wa> a l » exteaairdj coeaaared la the Meade Carlo predictioao to check Ike low 
eaen-r jet recoaitractlaa ka theae errata. The aactrtaialr »» the jet eaeray acale 
• a eatinattd to W* ±3tX,laadia( to an aacertaiati 00 a of i t . 13 (or m , = M 
GeVif. The <aK*ttai>ty ia a da* la aWtmcet ia the aadnltiaf ereat between 
the data aad the Maarte Call* lead* I* aa aaeerteiaty oa a of iO.OS lor mut = M 
CeV/e1. The exarl choice af the traaarana avw httcnal aaed ia Ike at laada la aa 
aacertaialj oa a af ± t . l t lor m*, = H GeV/fc1. Taeat aaurtaaatiaa are added ia 
ejaadralare aad ahowa ka Table t. 

There it a »Koad ciaM oJumrlaiatioe w h U ** H t aCiKt the ahape of Che 
traaarme BUM deririaatioaaat aaaethalm a*T«t the calcalatianaf aa apper Ikaat 
fcr l/arodactiaa, daa la the •aKarteaatr they katmaace aa the acraptaace. Theae 
kadada t k anaa«aa»a cakatatioa ariaaj the l i o a u Carlo, aa« aaortaiatiM hi the i 
lali|ialiiTaaiaiiiallj 11HI1 ilili lip qaalk fn t aiai1ill ia i l i i lna i l l t l l l '" - " 
daacy, aad iakial itale akaaa radialiam. Aireptaace, tap aaatk ba(aaealatiat,aad 
lamiimllj aa i liaalid 1 1 a Hi i j i m i Tkl aaiinti i lj '• Ihialiirna I-— — 
dfekary It 6%. faitial Hate (laoa fadialioa ia a (actor si tkia aaaljaia dae to Ike 
m i l am that that* ke two obatnad jetr, aoaje of theae may coax traca iaitial 
Hill ndiallm aail audi qaai iaa la ihi —-i-m-grf « M - » « * » K « » — f*S*rt l a . , 
acceataacc We take tkia kato accoeal ia Ike lyatematk error by halriaw. the coatri-
batioa predicted by B AJBT. The itaaltiag aaeartaialy ia the acceptaace la i « X 

i 
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for mttr = 80 GeY/eJ. All of these i f it caulk uncertainties arc taken together a 
quidimiuie la calculate tbt predicted Dumber of tt event* we ihould obserre u a. 
function of 1 quark maM, shown ifl Table 1, 

Tbe systematic uncertainties arc nitumed to be Catuiiau, aid are canmdated 
with the likelihood function foe a bom l ie It to obtain ike upper limits on the 
trow Mtlton ehown in Table 1 u d Fifiue 16. We exclude (op murk maise* below 
77 CeV/e8 at the K% confidence W*«J- Again, e4 low top euatk m m a the sys
tematic uncertainty on the detection efficiency increase* rapidly, and we choose to 
cDniemtfvsly quote 40 GeV/e* at our lower limit. 

* quark leptaa Production 

We have claimed laptatcdly that el production If respoujbie (of the tluetee of low 
energy (Ex < 20 GeV) electron* visible la tbe lower left head corner of Figure 14. 
Indeed, we liavritudiea many electron and jet varinUesaWliave found gooelagree-
mtDt between an IS A JET U Uonlc Carlo unpU and the data. la am attest** to 
quantify these itattmuli r we present here two distributions snowing this agreanaent-

fn Figure 17 we ihow tbe transverse energy ia the calorimeter towers adjacent to 
the electron, for electrons satisfying the criteria applied aboee hi the c-tjtts tearck 
(except for I be explicit electron isolation requirement), u d with Br < 20 GeV or 
tt < 20 <3«V. Tke prediction of the si Monte Carlo is shown, noruunsed to the 
data. The agreement ia shape U etcdknl and the flocrnsliTslinn m withea the the
oretical uncertainty on the QCD l i cross *Kik«|2(, 27, 21] at our energies which 
ariie* primarily became of nncertaiatiei in the low* behaviour of lac anion struc
ture funclioni. Finally, if these eUrtrous resale from Ike semi teutonic decay of ft* 
mtiDp* formed from tfae 14 quark i, the accompanying charm awark ehoald he ob-
•ermble through it| fragmentation into D mesons; 

BB + X 

The cbuge of (be electron *tage* tbe expected decays i e . if we obearve alert rone, 
we expect to observe D * - l f - r + but ant tf*-K+T~. Because there la no JT/r 
identification in the CDF detector, we ban looked at K*** mass rrmsiiatinas fee 
all oppositely charged track pain found ia t son* of M. - 1.0 around the elactraa-
Th? mail spectra are shown (for a jubtampfe <l the daU) in Figure 1», divided 
into "right sign pairi* where the kaoc charge ii the same aj the electro* charge, and 
4 wrong sign pairs* where the kaon iiga ii opposite to ijt electron charge. On a 
smooth combinatorial background, we obterve a signal at the D* maat of C3 ± 17 

•a 

FTgue If; Tie t$% toaidcaCr level appec liaut* oa thv tt j>Tvi4ci»n cross %ecito% Jwbd 
liacs). The d m UatftW 'loose est*' ('light eels') fricii to tic dVtdatkfd (daabtd) luc 
of F%w« M, ae erpeaiaed ia Ike (est. The seeded bud it lb* pirdklcd craw secliea float 
iHacacc* [2}\ aad [U], sad Ike opea poiaU skew Ike ti actepuac* (rigit aaad *r*k) as a 
rearlion of lop ejeatk BUM. 
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Figure IT: The lolil t u n i t t m M r t i j in ike to*ri* -Vajtccal to iW thctiM, fei a* 
illative tletlioi umpk utisfyiag tkr c«U expbtpnl u tW t n l . Tfc* ait lAfM" * • * " * A t 
dati; ike c v m ikawt u 15 A JET hi prHktk-B a«.TMlitfd to I k .laUabaw 1 &V ( M < M 
1 GeV »t M p « l • f&ilrib»l»»'»—»inidi»i WcveaUtaikc « • • * « ) . T V aft ft a m i s 
»k»pf ia rltctllcM. 
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FigWt I I : Jt» ( C K W M B U I iiitittitHMH ftvaf • nbHaipH: of tat iadaiin <l«lisa urn-
alt: a) 'liatl afra,' • lartia i l i ia i i r . A * a ' fci aa ofatiicd c*; 1>) -aiota »c»' rowbiaaliMM. 
ta tola Jallikaliiai, a l pain* af aaaoaUlr dau^td Irukf aitki* R=I.O of Ibvvkv'roa 
• f i t add tocaait at l i t lack af Jt/« U M U t u l i M . 
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combination! in the right sign sample, and no eiceis in the wrong lien sample-
Based on the CLEO measurements [29j of the ratio of B meson branching fractions: 

and the world average branching ratio D*-*K~*+ [30] of 3.8± 0.4%± and assuming 
thal Bt production aid twyoa production account for approiimntely 16% and 9% 
of svqiiark production respectively, we expect to observe $T± 19 i**-*!"* 4 aad 
charge conjugate decays. The good agreeaMnt with our observed signal and the 
correlation of the signal with the electron charge support the hypothesis that the 
sample is composed primarily of be eventi. 

Top Search Conclusicmu 

In conclusion, we have ihown that both the <ft aad e+jets sample* in cur data arc 
com ii tent with known source* of leptou * QCD *i production and the production 
of W 4 jets. There Is no evidence foe the production of il events. The Knitting f&% 
confidence level limit* on the Icy quark maw art: 

30 GeV/c1 <m^<12 GeV/c' (tfh and 

40 CaV/e1 < m,^ < 77 GeV*1 (< + jets). 

These two analyse* are in the course of p*bUcatica[31,32]. 

Work is also underway to combine the two ruml* I la order to exdnde higher 
vJua of m ^ , as well as (o investigate the channels u4jets, ec, and uu. 

5 Jet Physici Remits 

Because of the very large Q* values attained' CDF hat ofcsctvfd jet* with transverse 
energies in excess of 400 GeV • Jet physics nt the Fsrrattab Tevalroa previa** a 
new and sensitive testing ground for QCD. Uach of the observants m a t section 
at these energies can be described wall by a kading order pertarbatlve calculation* 
and scale bieaking effects associated with soil gluoa radiation can be teen in the 
Jet fragmentation function and in the comparison of o v data to that taken at lower 
values of y/i. 

Here, we shall limit our discussion to three topics, in an effort to demonstnte 
the breadth of QCD physic*- attainable at CDF. We present irnssarrrnmti of the 
Inclusive Jet cross t«tion aV/dEr, the double differential cross section ePsr/dE,**?, 
and the jet fragmentation, function £>(*). 

All analyses presented here use the standard CDF Jet closuring algorithm. This 
algorithm uses Axed-tiie «m« cluttering which sums all the energy inside a cone of 

radius K - x/tA*) 1 + IAJJ) 1 = 0.7 centered on a seed tower with E, > 1 GeV. Tbr 
cluster energy is the sum of the energies in the EM and badron calorimeters. 

The Inclusive Jet Croat Section 

The inclusive jet cross section oV/dE, is dominated by the QCD 2-*2 graphs but 
ii sensitive to higher woe. QCD processes- As well, possible quark substructure 
or new 4-fermion (contact) interactioas result in enhaocemeats to the p> scattering 
cross section which flatten the inclusive Jet crots section for large transverse energy 
jet*. 

Tbe data sample used here is the Ml 4.4 pa' 1 of the 1988 data. The event 
selection requires a levd-2 duster trigger. There is some rmeariaf of the kv«l-2 
trigger thresholds due to differences between the online and oflUat algorithms and 
to the online transverse energy calculation which considers tbe event vertex to be 
at the enter of the detector. Offline, the true event vcrfei (as determined by the 
VTPC) is used to correct the transverse energies, and required to be within SO cm 
of the center of the detector. The three online triggers with thresholds of 20, 40, and 
60 GeV arc found to be fully atadent oftine (with cfiricacy greater than $9.1%) for 
cluster thresholds of 24, 55, aad SO GeV respectively, aad these transverse energy 
thresholds arc applied. The daslers are energy corrected as explained in Section 3 
in order to edit* duster energy to partoa energy. Clusters are also required to be 
away from the regie* of low response near * = 0, and to be well contained in the 
central calorimeter: 0.1 < bjxl < OX 

Two source* of background are present in the jet sample: cosmic rays which 
shower in the caleeinwter, aad particles bom the main hag, which is situated above 
the detector aad is used daring p* data-laluag for p production. Both backgrounds 
have latter Ex spectra than the distribution expected from parton-parton collisions, 
and thus affect the high Ex part of the distribution sensitive to deviation* from QCD. 
The tinting insormftiH* rxom the central hadron calcairneter is used to reject evenU 
with significant energy out-of-time with the beam crowing; however, no liming 
information is available from the central EM calortoMtcf, so additional cuts are 
applied to dusters With E* > H GeV. The electromagnetic fraction of the jet 
k W E u u l b leoulred to laliify 0-1 < E ( M / E M a i < w.S5. The missing transverse 
energy significance, denned as tjf-JE^, it tequircd to he less than 4.S; from a study 
of 1%. in fnmavwnw bias events, this is estimated to be equivalent to a very loose Iff 
cut. These cuts reject 99% of the background and retain at least 91% of the true 
jet croat section. 

The raw jet differential crow section is not the true cross section became of tbe 
steeply falling E , spectrum. Finite retoJation smears the observed jet energy aad 
causes the more numerous yets at lower Ex to appear at higher E,, flattening the Ej 
spectrum. Thus we must deconvolule tie energy resolution and the Er spectrum 
shape. The energy resolution fur jets has been measured tuicg the transverse en
ergy bajandsg technique [33] to be olE^J/E^ = I10%/y /E1„. The deconvolution 



procedure contiiti of ItmUvfly generating an E , ipectfum and applying the jet 
energy resolution, then comparing the resulting smeared ipectruin ti> (be observed 
spectrum; when the two are in agreement, the data Is corrected by t i t f alfo of the 
MoAteCartogeaeratedrpeeJruai to lb* Hnearrd1fpectrum, Thr jet energy #pje*fiflg 
deconvolution results is n 70!% increase tn the jet cr«i lection for low £7, and a 
12ft Increase *t the largcit jet energies. 

The resulting jet CTOII «ect|on per unit rapidity in the central teuton ii shown Id 
Figure 19. StaticticdandET'dcpendatiyiteinAtkefrofvueplolteilpolAt-lo-poiflt^ 
The normalisation error includes the E f Independent systematlcs expressed as an 
uncertainty In the Cross section of (at moil) 25S- In addition1, there u e systematic 
uncertainties from the luminosity meastu ement (15%), smearing corrections (lt%K 
*nd «fl«fgr «*i* uncertainty (50fl;. The Mild foe Is a QCD Z—2 calculation ninf 
the Dule and Oweni tincture funetfon* (set 2) (34); the Q* value used to evaluate 
the strong coupling constant at and to evolve the structure functions v u <?* = 
tV/Z< The uathed line indicates the flattening of lb* E* ip*<trum expected av the 
pretence of a 4-fenojoti contact term at the mass scale indicated. It if worth noting 
fhat the QCD prediction li abioi*tr, i.e. the QCD enrre has not hen normalised 
to the data. The QCD piedlclion describe* the data very well oner six orders of 
nwgnititdr. The deviation of the contact term predictions from the data allow na 
to derive a lower limit cm the nuji scale of new contact interact foni1': 

KM** > 950 GeV£' (KftC.L.) , 

The Double Differential Cross Section 

The double differential cross section iPaJdZfdijU the product of the QCD 1—1 « b -
pioce» cron section (point-like scattering term) with the part on itruttuie functions 
describing the patten momentum distribution* in the initial state. The calculable 
point-like 2—1 croii section li divergent at vary large n due to 4>chana*l exchange; 
however the falling i.tructure function at large s (Urpf^tonmcanentnm)OTeruHnes 
thji rite and the phytic*! cross section remains finite. Thus the doable differential 
CTOII lection aUowi ui to investigate the proton structure fuattkw at large a-. 

Tbil analjiU v u performed on the 28 n * - 1 sample of data from the lf*T ran* 
which had ltrel-1 E, trigger thresholds of 20. 30, 40, aad 4$ GeV. Stadiei vrith 
simulated event! show that single jets In the region |IJ) < D.S satisfy the trigger 
criteria (with efficiency abem 98%) if they have Ey above 45. 55, 65, or 7fi GeV 
respectively. At k u t one Jet above I hi* threshold, in the region [n| < O.ft, wa* 
required; thi» Jet li referred to as the trigger jet. The event vertex v u required 
to be wi.hin 60 cm of the center of the detector, and a Mcoqd Jet anjwhcfc in the 

"fcusoitd lb b* kn.17 itit»|lb Uupu- B*J c«t?u- nafltt i*4«tKtfc«» brtwna lift • • • / " ! 
quuki[»], 
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Figure 19: TheatigtejetiitlfetivecioHsHtioa p«f tiRtt npidhr i»tM«ntf*) IFBJON. Tae 
pfotki HTMI iad«4e vtatiMkal aad E, depeadeat »j«l<n»tk nron: lac oveial •oimaltia-
Iwa •acrrtaiatr thowa aKhaW the Eriadeaeadcwt fjitcaiattc error*. The aslid Ijae H • 
QCD pfedktioa (nt text). The vathed b*c udkatea At ^odUkttiom lo ikt ctot* *etion 
tipftUA m the caw oT* com«ci ialnacttoa at a fliai* Kale of \ z 7W CeV^r1. 
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deteclor (tin 'probe' Jet), with Ex > 2 CeV, »«• required". Tbeia criteria yield • 
.ample of 6291 evtali. 

The data • » then binned in binl °T E,, lb . trigict Jet I I I U I B * eaergy, end 
PS, lb . ptob. jet tttudorapidity, end raw a w . Mrtiou calealated far each bin. 
At la tb« pievtou lection, tbia raw m w «rtio» mun be tomUed for lb* [ b u t * 
of .hape reiullinc from tke detector £ ,and ff retolutlom. Tbeee leeolulioni ban 
b r a etudied mine; lb . technique of reference [33], In which OK autunea that l b . 
partoa ttuiTBH momenta balance. The l i o m i " energy imbalance along ibt 
jtt u l i »nd along « blMctor to that a ik (i.«. nt W to tbe jeli) are then related 
lo the E, end n resolution, together with detriatloni from 2-.S kinematic. <autci 
by hjgker order QCD proceuei (primarily gluon emuilraUiMf). The Iran ereee 
Mrtion dV/dErdifldoj, uunmed ova the interval |i7,| < 0.«, Ii then obtained by • 
dMoMDlmion procedure umiliar to that ditcaeeed i i tbe prevJou lection: the Er 
and IJI ipectn u e paramctrlied. uound, aid compared to Ibe data; tbe ratio oC 
generated to tmtared apectra » t i n s ate* u • totMition to lb . oheerved 4Mb. The 
correction ratio, very from 77±Mt at k>w IT,I end high E, to M±»X for o x of 
the high |7il MM; lb. different* ii canted by Ibt atecper E, ifeclrum at high |ij,|, 
canting m i erect, to tuctuate bilo oar aemple from low E r . 

Figure 20 ibowi tic rewlting crew lection ee • Innetion of |7i| lot aileteal 
£ , range., u m J I u leadingorder QCD celeuleiloei Mia* ibe EHLq etnetare 
function. (.HloHMlandvarioiuehoice.el'lbeQ'.cak. Ageing the QCDendktlw 
ii ahwrute and bu w>t been notmeliied to tbe data. Tbe o n . MrUoa falloT at 
large value, of \m] due to ilructure function decreaM at large r ia clearly obeeried 
and in excellent qualitative agreement witk tbe data. 

Tbe Je t Fragmentation Function 

Tbe Jet fragmentation Auction D{t) it the diitribution of tbe fraction, of ibe jet 
energy carried by charged particle.: 

•rhtr* i = P||/£j»* I* the momfstuia of tbf <fcUC*d pwlid* - U n tlw Jot tiitv Ttw 
aTiffmenUtiM. fiutlioo ikoald nlcct tb« dTcct* of QCD HftW bmkii« •>«« lo »oft 
glnon enUiiMp »nd ihould thvit bttoaw « l l o - i U r ( « Q1. 

Tht u u l y w wi* pHrfi»ntwd ujiiic * dijt* i iap l t u k d r i trail tk* 1H7 W a . 
Event* wtrt d u r a wiA two watril <0.1 < hi < B-t) jtU • » » * Mlliwd trwfWM 
enertlM wliilwd tltt Xnggtt threilMtld. Tlw jel* wtre tcqHin4 to W Uck-to-lwfc is 
ulmuthii ugte to nithia 30» (1W < A* < 21«*) »«*••? »«*« -•*•*•**• ***** 
were r^uirrf to lute E , < 20 G«V u d B , < 0-2 x (Ei? 1 +135"). F o r ««l-*MtB 

" l f . t o M«»d jtt ffuitoist^ 
•wlproWJeti. 

Fijpi/e 2 0 ; Tfc« twojel diffieatul c i o « «ctk>B. <*V/rfE,i/rjiiir'/j. IBMJWIJ O*CI t t f •• 
j>7i| < 0.6, TtwiBUKiier U » rrpiuctt lUtiiiUiJ cfto»; Iheoulrr ecroi L*i> iociudc 
»tilulk-d «rw» *wd Ihr E , u d P& dcp*:*d»t p**(» of thr .yitrm*tjf crion The iriaui 
*¥*t«»»«tic enow « e «b*oibed into Ik' poraalutrtioi. *iior t-IiKk » »IIP»P. Tt* «bi 
»t.lulK*l «rw» *wd Ikr E T »*d (ft dtpe-fcdejit p«*.» oi n r tjttem*u< cr 
iy*t<*niaic e i i o o « e «b*oib«) into lk«" poraiJuntion *?nor t-Jitck i* »ho 
bMfJ> repinc.1 QCD pftdfcliou for - rug« atQ1 v-Ia» ( « * text). 
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reasons, only events with asmalljet-jet longitudinalmomentum are used: we require 

The events ore boosted along the brum direction by the quantity <fc«««t at defined 
abare. Tracks in the CTC are then associated with a jet if they have an angle with 
respect to the jnt axis of le» than AV and a momentum along the jet ails of pjj > 6.6 
GeV/c. The reconstruction efficiency (a function of the jet-jet mail mj_j and the 
fragmentation variable z) was studied using Monte Carlo events and verified by 
inserting Monte Cu)o track* Into real jet events, It was found to be greater than Kl% 
foT jet-jet masses below approximately 200 GeV/es< Small corrections are applied for 
tracks outside the pseudorapidity cone of ontsfde of the CTC acceptance. The effect 
of the underlying event wu studied by looking at the charged particle nnlttpUclty 
at 50° In ^ from the jets, and a small correction applied for these tracks. Finally, 
corrections are applied foi the energy resolution of the calorimeter and the tracking 
momentum resolution, using a decouvoluUon procedure similiar to those described 
above. 

The resulting fragtnentationfunction D(t) is shown in Figure 21 for jet-jet effec
tive muses between 80 and 140 GtV/c1. The ttalisticaland independent systematic 
errors have been plotted; there remainj an overall normaliiatiaa wnceitainty which It 
shown. Figure 22 shows the same data plotted at a function of jet-Jet mats, for «r-
iou» ranges of x. Also shown are the data from TASSO J37] showing the tame trad 
to lowrr values of z as the jet-jet mass (or ^/i in the case of the r*e~ experiment 
TASSO) increases. This Is due to the QCD scale breaking mentioned aboT?, The 
fits to the data in Figure 22 are of the font, D{z} = a + 0lo£.(mj_J) expected from 
the AltarrUi-Fwiii Q* evolution of pvion d«wUt« [3"), u d quantitatively explain 
very well the variation of D[t) with mj_j. 

Jet Phyitca Conclusion* 

Wehan shown the single Jet Induiivecroit sectional a function of the jet transverse 
eaergy Et, the double differential ctoii KCtkn ai a function of jet patisdoTsoUity 
and tranveiK energy, and the jet fragmentation functional a function of di-jH HUM, 
All of the* distribution! are compatible with QCD predictions which Include stale 
breaking soft glqon emiifioo, tiling the tingle jet Entltitive cron acetic* to probe 
very small distance*, we ha** excluded new contact interatlwtu at energy scales 
below 950 GeV/c'at the 95% confidence level. 

Z ~ P , B 1 „ / E , t T 

Figurr 21: The jet EiagmenUtioa faaclioa D[x). foi the m s r ef i'tjet enVelJve mum 
>)io*e Statistical aid Er-d<f>eridrnl systematic (inns ire stalled u rtior ban: Ê -
ind«[>Fndrnt •J'stemafk more aic included will Ihr ov?iaII npt*n*Iii*tioii in certainty 
»W*n 

Figure 22: Tae evotalioa of lie jet fiegnKsls-tion finelicn D[i) will the duet cRMtiTt 
m>M- Data from CDF **J »Pn e*c rtperiosenl TASSO aie skews, logtlfctr wtth fib to 
\ht form ivggrsled bj let AltaicUi-Faiui putoa draiii* *«olution >iih Q1 ( w le«t) 
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6 W and Z Man Measurements 

The W anil Z masses are fundamental parameters of the electroweek theory. To
gether liny are und ID define |39) the elsctroweak miiisg eagle jlo'eVr 

I.e. Ike mixing li defined at (he Q' value s f W i a d Z production, Q' « (H OeV)'. 
All other measurements of lis'fir require non-trivial compulationa of ladlallve 
conectioni, e>en those such at to* Z° lepton decay asymmetry which occur at the 
same value of tj*. In terms of the standard eleftroaufnetic and Fermi coupling 
constant! a and GF, mcajurcd al low Q1, we Levi: 

m* = " 
" 4 /2C l -<l-Ar) . ln , *V 

•here Ar repKleutt (he effect of radiative correction!. The uncertainly In thai* 
correction! arises principally from the uncertainties in Ike top quark and Hlggs 
boiou niaaaei which affect the calcuUtion of the boson propagator! through internal 
loops. The top quark ia the more Important of the two effects; Figure 23n shows the 
dependence of At on the top quark maea, and Figure 23b ahowi the cUpendence on 
the Kigg i matt. The crucial point ia that predsa alectrowaak measurements jkld 
iufonnation, through the radiative correction!, on the aijet-inohterved element! 
of the standard model. 

Precise measurement a of the Z° man maj ha mask at LEP or SLC where the lim
iting uncertainty will be the beam energy uncertainty. W nines measurement a cannot 
be E>\d« at c+e" machhiei until the W+W~ production Ihreehold it reached. Di
rect meainrementi of the W mall can only be made at hndma collider*.- hadrccne 
production of the Z ii copious enough in fp coUiliona at \fi = 1.1 TeV to permit 
precision measurement! of the Zruasi, and thus mass difference mesauremesite which 
axe largely sjstematica-free. 

The W M i n Meaiurement 

The dearest signature for W production and decay ia a high tiauvevee enirrjr teu
ton accompanied by large missing transverse energy, tJgttaUag the preewKe of an 
undetected neutrino. Here, we concentrate on high E» electronj, although n almiUar 
analyiii is underway for muoui. The Ugh-hVXr signature la nJUieally clean that 
the full power of the standard electron selection criteria (section 3) is not necessary. 
We require a dueler of energy in the central detector witk * ratio of Eti energy to 
total energy of grsaler than 0.8JS, associated with a tingle Hack tick that E/p la Vtaa 
than 1.4. Fiducial cull we applied using the CEM atrip chamber!, to ensure that 
the electron be well measured. Pholon conversions are rejected using the algorithm 
described above. We require 

B,(t) > 20 GeV, »%>2SGeV . 
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Son ice of Uaceitainty Uncertainty 

Prolan itturluie finclicoi 
En $T letolntioas HI! W pT dwlribilfoi 
Background 
Fitting piocedue-

0-3 

0.25 
Toll] Sislcmilie Unreitiiatjr 0.0 

Tabl« Zz Contributions to the W mass measurement systematic uncertainty. Not 
Included ii an overall energy icalc uncertainty of 0,4% (0.3 GeV/fc3). 

The background in tkil sample from QCD #oureei i» estimated to be less than 194. 
We aJ$o require that then b* DO other clusters ofenergy in the detector with Et > 7 
Gel\ because nuirneasurernent of mch cluster* will affect the JS* measurement, Thli 
irlectlon leaves 1148 event i. 

Tht <v transverse m m ii shown In Figure 2\, together with our bat fit to thi 
region between 66 and 85 GeV/e', which gitn • nuas of 80.0 ± 0.2 GfV/c\ where 
the error is statistical. The tnu> determination in such a lit come* primarily from 
the ptak of the distribution; the Jneohlan edge of the distribution Is related to hola 
the W width and the mean p T of the W. Finite Br «nd f-t xetolutkw correlate 
these quantities, however, by smearing out the edge and changing the position of 
the peak. The quoted fit uses a W width fried at the Standard Model T*1U« of 
*pproximately 2.5 GeV/c1; a fit allowing both the width and the mass to wry it less 
pt«ise itaLia Lit ally. 

The syr.tematic uncertainties on the W tnaii reralt from energy t u b uncertain
ties, structure function uncertainties, uncertain Lies in the electron and Er resolutions 
fcnd the W PT distribution, effect;-, due to the residual background in the sample, 
and the uncertainty introduced by the fitting procedure. They are aummarued In 
Table 2 and etptai&ed below. Tb< analysis li preliminary, and we have chosen to he 
comer native in our estimates of the systematic uncertainties, pending further study. 

The energy scale uncertainty is explained la dec*/] in Section 3, and it D.4% 
(0.3 GeV/c9). The proton structure function uncertainties enter because different 
structure functions give slightly different predictions for the shape of the transient 
mas* distribution. Tbii arises because of the different W longitudinal momenta and 
the V - A decay of the W, together »Uh ouf limited pseudorapidity acceptance tot 
the W decay electron. We have tried many choices of structure functions*, differences 
among them result in an estimate of 0.3 GeV/c* for the resulting uncertainty in the 
W man. The %r resolution was studied using «w'n/iTniiTn bias data» and found to 
scale Approximately according to 0.6 x V'EET* In eeentn with W bosoni, the t^ 
rueaiurernent is complicated by the energy flow into the electron cluster from the 
underlying event, studied using a comparison of the Ur components parallel to and 
pcrptndituLai to the electron direction. This study is in turn complicated by the 
cofTflntjoti o( the electron direction with th* recoil energy direction for W bosons 



produced at large p T ; this ia one of the reasons we impose above the requirement 
that there be no additional dusters in the event. Thus, the imceitaintie* due to 
both the K» and the electron Ex resolutions are correlated to tbe uncertainty due 
to tbe W p T diitiibution. Taken together, we estimate tbe resulting uncertainty on 
tbe W mass u 0.4 GeV/c3, with tbe dominant contributions coming from (be (^ 
measurement and the W p T diitiibution. Background* in the sample include * small 
number of IV-tre, t-*tvP decays, and mliideatifled Z' - 'e+e - decays where one 
electron ii loit or badly reconstructed in the detectorr The 66 GeV/c1 lower limit on 
the lit raogewasdiDiea to avoid tbe low lrani?eiitniuepvt of the ipecttum where 
we tipeci the r decade to contribute. Varying the background! within reasonable 
limiu leads to a small uncertainty {< 50 MeV/c1) on tbe W mail. Finally, we hart 
performed * binned fit. Binning variation) and studies of the fit resullp on Monte 
Carlo samples lead to an uncertainty due to the fitting procedure of approiimately 
250 MeV/c'. 

The resulting W* m u i measurement U thus: 

mw = 80.0 ± 0.2 ± 0.6 ± 0.3 GeV/V , 

where the firit error it statistical* the second u the quadrature sum of the •yitenuik 
error* diicuncd above, and the third ii the oTerall energy scale uncertainly. 

The Z Mati Measurement 

The Z9 mass ii measured using a sample of .Z0-»£"•>" decays, with tbe calorimeler 
measurement of tbe electron energies, and with a sample of Z a -*/i + ur decays using 
the muoD momenta M determined from tbe tracking chambers, Tbe 2*-*e +e~ 
decayi using the electron momenta u measured in the trading chamber arc also 
presented far comparison, but are not used in the final determination of the Z* mass 
because ot the large adjustments necessary to correct for electron AremiJffliAhiif. 

Tbe di-electron sample required two electrons, each in the central EM calorime
ter inside tbe fiducial region of the detector (away from e) cracks), and used *t*nd*-d 
cuts on strip chamber shower shape and shower-track matching. The ratio of elec
tromagnetic to total energy was required to be less than 0.10, and E/p was required 
to be less than 1.4. The sample contains 73 events with e + e" effective nuusca in the 
tange torn 50 GtV/c2 to ISO GeV/e3. h* an indication of ft* background, there are 
no like-sign pairs in this mass range. Ther+er erTectire mass, using tbecalorimeto 
measurement of tbe electron energy, is shown in Figure 25. An unbiased maximum 
likelihood fit to the 65 event* in the mass range between 60 GeVjt1 and 100 GcV/e3, 
using * Breit-Wigner form convoluted with tbe calorimeter resolution on ML event* 
by-eveat basts, results in * fitted, uncorrected m m of 90.93 ± 0.34 GcYft1. and a 
width of 3.6 ± 1.1 ± 1.0 GeV/c3. 

The di-muon sample required two tracks with p T aboTc 20 GeV/c, with energy 
depositions in tbe calorimeter towers associated with the tracks w explained above 
[<-/. I he r + fi channel in the top quark search). At least one muon candidate was 

required to have a (rack segment in the muon ehambers, effectively restricting it 
to an *} xuigt of \T)\ < Q.65, The Meond was permitted to be outside of tbe union 
chamber pseudorapidity coverage but was required to be well measured in the CTC 
and to he minimum ionizing in the colorimeter. As in the case of the <v channel, 
this ii done only to increase the acceptance in pieudorapidity. Both union* were 
requited to be further than 10° away from any jets with E, M S G*V, in order 
to Avoid di-jel punchtturougb backgrounds. Events with two muons back-to-hack 
within 0.1 units in q and i.&° in tf were rejected as cosmic rays, The final sample 
contains 132 events with a >**>" effective tnass in the range SO CeV/c2 to ISO 
GeV/c1; there are no bke-iign muon pairs in thii m u ] range. The muoo tracks as 
measured tn ihe CTC art beam constrained in order to obtain the best possible 
momentum resolution, measured to be tfpr/pr = 0.0D1 lpr (GeV/c)"*. The u*u~ 
effective mass distribution is shown in Figure 26a. The 123 events in tbe mass 
range from 7b GeV/c1 to 105 GeV/c2 are jit using an unbiiuied maximum Uke-lihood 
technique. The fit i» to a Breit-Wigoer convoluted with a Gaussian reittlutian in 
l / p T r and gives a fitted, uncorrected1 mass of 90.41 ± 0.40 GeV/c1, and a width of 
4,G±1.2±1.0GeV/c 2. 

Figure 26b shows the e + e _ effective mass for the 64 events in the Z°-*e +e" 
sample for which both tracks have sulScient quality to permit a beam-constrained 
fit to br performed. The radiative effects on the electrons axe much larger than 
for the mtions, and are clearly visible as a tail on the low side of the distribution. 
Performing the same fit o> for the Z°->/#*>~ sample (there are 5& events in the 
fitted mass range) results in a titled, uncorrected mass of 89.27i O.SDGeV/c1. 

In order to obtain the physical 2*1 mass, the fitted masses must be adjusted 
for radiative corrections and structure function corrections (see Table 3). Radiative 
for recti on* were studied with a Monte Carlo simulation which used the exact dec 
trowe&k matrix elements to order u 1 (40J, and tbe events were processed through 
a full detector limulatinn 1o study external brtmsstrahlung. The 2°--£*~c~ mea
surement using tracking infornuation is the most sensitive to radjatiori because of 
external bttTTtfstruJtlmng by the electrons, and the adjustment here is the largest, 
The Z°-*e*c~ measurement using tbe calorimeter energies is tbe least sensitive 
because most of the radiation it nearly colUnear to the electron and thus is con
tained in tbe electron cluster and well measured in the calorimeter. We estimate 
the uncertainty on the radiative corrections to be less than 15%. Structure fundiuu 
corrections arc necessary because it is more Likely to have a partoti-pari oft interac
tion with a centeT'of-nuus energy slightly below the mass of the Z than it is to have 
an interaction at an energy slightly above tbe mass of the Z (cf. Figures 53 and 
54 of reference (41JJ- Using various sets of structure functions, w* find this correc 
lion to be approximately 80 MeV/c2; (he difference between various sets of structure 
functions gives an estimate of tbe uncertainly tin this correction. 

The Z°-'tre~ calorimeter measurement has an energy scale uncertainty «f 
0.4%; all three njea*ui*mrnU have lite momentum scale (mail ifalr) nil certainly u( 
0.2% described in detail in Se^uun 3. These corrections and unteriidnlits are listed 
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(Incriae) (tncliw) (caloriaKfer) 
E iuu la Fit 133 6S ts 
Filled M M P0.4I ±0.10 I».M ±0.10 •0.91 ±0.34 
JUd. Con. +0.22 ±o.u +J.19 ±0.30 +0.11 10.0! 
Skiacl. FVee. -HIM ±0.01 +0.M dcl.m +0.00 ±0,03 
E/P C«J. ±0.30 
K m . Sole 10.211 ±0.30 ±0.30 
"> i W.7 ±0.» ±0.1 •1.6 ±0« 10.4 •I.I ±0.3 ±0.4 

Table 3: Cotrectioci Hid ancertaLaties in the Z* mass, in GeY/c1. The first oncer. 
taint? Is sfattlfftai, the seccud* systematic. 

in Table 3. The moiling mess nines m : 

M i = f L U 0 J i M C i V H ? {t*f Ml.), 

«tf=«.7±«.4:fc».2GeV Jfc» ( f V IntUlf), 

where (he errors are statistical and systematic, respectively. Our best nine Tar 
the Z* nun comet tram • weighted K M of (hew two Maters, uilag for each «o 
ores all nncertsiaty fanned hy the combination (i> quadrature) of the statistical old 
•Fitanklic«BcerteJjit]ee»ezeJldJnf the coaunoaroAMjule error. We obtain ft? our 
foul rmlt [42]: 

m i = M-»±0-3±0.2GeV/e' , 

where the first errot is the quadrature mm of the statistical and systematic oncer-
rainlic*, and the second is the w e scale vKertalalj. The MuUl experiment at 
the SLC he* recently pablished a result (43) is good agreement with tbia number. 

Electromak Conclusions 

la coaelasion, we hen measured the W and Z boioa masses to he: 

mw- = M . I ± W ± l . 3 G » V ^ , 

flif = W.t±#.J±0.ZGeV/fe I , 

when the iVst error Is the asjadratare mat of the statistical aad systematic uncer
tainties, and the second b the mass or energy scale uncertainty. Together, these two 
precision neaswttneaM gite a wine for the efcctroweak mklJH pwameta of: 

sin'»«- = 0.K5± 0.013 , 

where the dotnluat coatribwtion to the error Is the systematic ancextaiatj on the 
'.V mete. This is i» excellent agreement with a compreheasire anlFsis of all lower 
energy data (AmaUi rt at, [20)) which fire* «lo'/sr = ft?»± D.W4B. Stated 
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otherwlie* one c u UK our measurements of the W and Z mute* together with (bis 
value of iin 30|r to calculate: 

co*1 feym^ 

The ^ pafameftf Is fewicin to the Higgi structure, and » identically one ia lb* 
Standard Model and ia any model where electroweak lymmetry bruiting occuri 
due to Higgi doubleti. In citcailont to the Standard Model with additional Higg» 
midtlpliti, p Is not necessarily one. Clearly our measurements combined with (be 
low Q* value of ilna eV • « in good agreement with th« standard model. In Figure 
27 we ihow prediction! for sin'cVi bawd on the electromagnetic coupling cocutut 
a a&d the muon decay lifetime [44], a* * function of the ^mawiixdiflcrcatixlbc* 
of the (op quark mail (which enttii beuuM of the radiative corrections cliicwted at 
the beginning of thli section). Out electro weak measurement! do sot je i serious]/ 
constrain the Up quark U h i , but more precise inch measurements In (be near 
future will help to COM train both the top quark n u n and the standard model 

7 Conclusions 

The aoalytei presented above five an overview of some of the medium and high p? 
phytic* topics which CDF can addreji. We bave ignored hue many other UtereitUf 
topics inch a* elaitlc and diffract hie scattering, low p , (minimum bias) phytic*, 
medium p, heavy flavour (e and b quark) itudiu, and additional eltclroweah tui*t 

but have shown that CDF ii s Limit aneowly exploring both the high precision, and 
high energy frontiers that have traditionally been of Interest in particle,pbyeU*. 
The top quark continues to elude detection, large transverse energy jet production 
it well explained bj QCD, and preilie detliowcak measurements have *o far sot 
uncovered anything In disagreement with •iandard SU(2)®U(1) electroweak theovy. 
With an order of magnitude mom data in lb* foreseeable future, we feel confident 
that we will continue lo improve the precjilon of the* teilt in our effort! to further 
constrain the Standard Model, 

Sin20wvs. M : 

0.140 
94.0 

figure 27: Predict tokJ. based on a aad ite muon detsjr lifetime, tot tin'Siv u a fusclicitf 
of m j u d ntftp. Adapted from Table 1 of lefercscc [ft]- A Higgs m i i i of 100 GeV/cJ « w 
uinmcd for these caltBUiioat. 
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fohAWKlkm 

Nculn! kmm arc r'ottff"! in hidiomc imcliniu lilie it 'p-*Z ' « ' * * , K*p V3 . The funicular fa lure 
of Hie A* and ̂ " parlicto consul* in (he f i d .Hat Ihcy differ only in one quantum number. Che 
Miangenen. Since w?*k itiiCiKliori dueJn'l conserve alrangerte,**. piilkfe-aiilipirticle inrsilinnj can 
occur llnoURh jnlcrmtdiile decay itstea. 

ff ( j „ H ) ~ ~ ** u--n 

T h e new cigrnMalcs o f I he r c u i n l kaon system i n ; iScrrfore defined JL* 

<y 2 

K,;-.-^(lA">+lK">) 
1/2 

and (he«e a n also C P e'ntcnUalci ( C * c h a t * * cpniupHron, T - pari iy ) . I n 1964 the C P violat ion 
was d i v o v r r c d by C h r i t l e n m n el al. [AJ w i t h Ihe ennsequfnee .hat fhe C P c a j t w u t c f « e n o ' 
A n y w r e I h t eitentfates l o m a n and l i fetime of ihe neutral k a o n i T h i * leatfi lo ihe f o H o w i n * 

dwcrifitUiri : 

! * « » - -
• /K l + M'f 

( IK^+a jWr , * ) - !^ ! ) ) * . 
:•!*> 

l * t > - =• ( !« ; ,>+a 1 iAr 1 >) - iK t ( r i i>* 
-<v- i . 

Iv/lA r^E^-r^ <UJHn?TC CI*T-tiwarianrr 

lmr„ /2 + l ImJr,, 

' " ( ( r j - r , ) / : - ( « , - « , ) • 

T i l t C P violation manil ints i l i t l f in the Tart tha t the k m j Kvme. * t i ta le d e c a y i « * eachiaivetT in throe 

p ion j hut alvr, tn iX> o f all c a w , in a t t m pton final Mat t . T h e eRrcrrmental acceUKXc pnrarnclet* o f 

C r violation are i f - a n d n , . defined as the ratios o f d e c a y amplitudes '. 

T h a r . variaMea again t u t connected with the l * o p a t a m c l n a descrihinf the or i r jn nf C I " vkiralion 

1- c -• CP violation through liaon state miaing 

* t -" c * i - " • 

2- E' — l - P violation in the decay ( 'direct' C P violation} 

Kt -* K. -* n a 

andean t e a r a x t m n l a l e d w i i r a n q i a m ^ ^ The mea
sured value* for the complex parameters are summar i ' cd in Ihe following t a n k |KJ : 

h r - l - (2.2)5 ±0rJ2|)« 10- ' 

foeai - (J2«±ni)36)« in- ' 

*.- - (Uli± ITl-

*- - (54 5 ± S !)• 

R t i - (1.621 ± IMMH) x IS"' 

KM - (J.J± l-l)» 10-' 

dm - (3.521 ± 0 Ota)* 10-i'MeV 

The Brat non-zero nvamrtmmt of r' cane alio from the f A J I primp. I ' J A ajaphical relation or 
al* parameter* f4 pteaenltd in fiajaae f. the ao <aHe«l W i r - Y a r * diagram. 

A vrtr important theorem in Ihe traiKworV. of fttU theories»the CPT - Ihemtm (CP.T are lt>tm*i-
MioM lot the three atnrapjmll/ tranafutlrMtirjiu charge eonpHaation, ratrity and time rermell Ihis 
theorem statea Hut local LOKMZ invariant aajaMum field lhforio are invariant under Ihe cornhined 
Iranaforntalnjii CPT.[4.SJ Thb arada to the svrfnequcnl emuequence : rrncM, Melane and maanefie 
»aija«e»«ahcnaWeWtaje«aa»ekVapar(retaavJiUjnlrp«r^^ Ihe rMn( Xqnpme fcrnrta or) a fnosMe 
e r f viotHwn it aWrered apin by «K nnMral kaon ayaarm: 

The wfcrwtinf UckH in the fenniib b A which irrealj the cnnneclkm belwmt CPT an) Ihe phases 
o( the tlecay Mtpitude ratios ininf pertvrhMMHi Iheory [ 17/ ft] 
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Hgurt /: Wu - Van*, diatram. Graphical representation of the oWcrr^ rwwarnclcra of the CP 

violation. 

-«: 

*=-li. tfa***..-*,) 

«w t-w,i 

CM" iflviriance therefore requires wmt conHfiinU an the value* of 4 , . *nd ^ . . namely 

1 U «iliie of «IK phase o^mvee before the NAJI meituremenl was A * - + „ - • * . - l i * * ! * ? . 
(ChnKcnsorl et a| (<)]) 

To nwuurc in an cipnimcM the phase values one m i Ihc phenomenon of HiMrfcrence in llic neutral 
kaon quern. Due to the CP notation (he stalel «,', and K, have dceaj duMwcfa in enmm™ 
( „ « •« ,« ' . • ) and iKuj CM .Merfcrt arirb « c h other The ealcijtilinn of ihc time dependent inlcnrily 
of tfJP decavinf into I M pion final a m i ikon* the usual enruncnlial decay f H l « n J « i addition a 
cosine term rcsarling from inMrfcrciKC. 

l „ 0 ) - c l r " ' , ' + h r , * " V + J » h ) e " ' ' , " l l S « « f A " » - # ) l 

«(*.*!+ * ( ! • ) 

JV(«.*). «(1P) » marnhn rrf created K"- . E * - parlkfc 

C • norm 

The i t t iuo* [actor D lake* into account the eUTeteM amount «{ produced *,* and P* at the taraet 
The masamm nl information about the phases can be extracted from Ihc intensity diiuibution al 
•tan* I I «*, ateljnct 

f r t a r i f i afaw asawiMrrnl 

Fipare J and cnlaraoJ fifute 3 sketches the experimental setup of the NA3I experiment > filed Uriel 
cirwrnmenl at Die CERN SPS ncrcfcralrM in Geneva- The dotpi of the inKrfetew* beam *aa stirnUi 
lo thai of the previous tV. fireasurcmenl in 191*. 114] A detailed description can he found in reference 
113). 
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The fivur main characlcrisliu of ihe uncrimciu are Listed below; 

I Ihe enperimenl NA3I relied on vacuum interference, no regenerator was used 

2: the decay kinematic was measured with wiiechambers and cafarimcicfi 

J. charged awl ocujral decay channels were measured sunulunrously. so we octenrined d ^ and 
d 1 , _ at iliesame lime 

4. there was the possibility to record twn time shifted inlensity dislribulioni by using targets in 
differ*n• distances from Ihe decay volume (KF-larfei and KK-target M ' m ap*rt, N for 
near - F for far). The advantage of this setup was thai all acceptances cancel if one form* 
the raiio of the two inknaily distributions at Ihe same energy and vertex pomi. And thus gel. 
rid of a substantial systematic enor. 

1 1 K data collection of the NA3I eipcriment tonic place in 1987 where during 70 day* a total of about 
2400 m l int lie tapes with 1.4 Itf triggers were recorded. Ttie following table show* Ihe eiact numbers 
of measured Itanji decays, where tlie number in bracket* include the lifetime downscaling weights : 

Tabtel 

KraE 
I.II 
0.31 

7.2* 
0.JT 

l*hi* lifetime downscaling w n used online for events with a lifetime below 7 Tj to rrducx; (he data vol* 
ume. To avoid systematic errors due to lime variations in the detectors a special condition of mnnJAg 
was chosen. In * repeating cycle 20 Tape* of K N - data (decays of kaoru which were produced at the 
KN target). I I (apes of KF-data and one tape with Ks decays were sutcttairciy laLen. In total we 
collected 57 of these cycles, 

BeroruiwdJfl* a/ (he (»« decay Modea 

1 . A 4 ~ H - V - 4 V 

For iVte recording of photon* an ekn caknimetci was used. 7 lie caJonmcicr conaialed of 90 c t b with 
2J mm lead plates containing liquid argon as active materia). Copper drips in X an Y direction were 
used lo readout the putsthcightsof tbcLAC, there cusled in tolal 153* readout channel*. We achieved 

an energy resolution of -£• « - T - and a spatial rcaolution of about 0.75 mm for gamma*. The 

reconstructed kaon energy came from the sum of the 4 photon encrgia. While the vene-t calculrtion 
ensued from geometric means under the asrJmption ofa kaon decay ; 

z^„-^- ^{ E^fa-'AW)]}' 
?'«.*. " verte* 

?.tg€ - position of tlwclm caJorimcicr - 12374.95cm 

Mt • kaonrmu* 

xjr, • X,Y position off photon i in the | J\C 

f.,t - energy of the photon 

2. * • - . ! • * * -

Two mumwirT- proportional chamber* served lo cut ract the vttttt from this decay mode. i-.ar.ri cham
ber consisted of 4 planes with 432 gold plated tungsten wires (we * 0 03 mm). The d u m b m c on-
ta*ne>) an Arapn/linbutiri gas milium (70%/30*.i) and the cathode ptanes were connected to 2150 V 
extension These parameters muffed in a space point rrwhilktt in X.Y of 0.75 mm. The final vertex 
was reconstrvcicd by fitting • plane through the four lpaccpointa and improved by using ihe drift lime 
biformation from TDC's connected to each chamber. 

Ihc energy of the pioni was measured with a enmbinatinn of two calorimeters, 'he already 
dcKribed elm. calorimeter and a hadron calorimeter The latter was composed of 4ft 2 5 cm iron plate* 
and 49 plana of scintiHaiof strips, alternately orientated in X am) Y direction. The finally achieved 

. . . *» 0*5 
energy resolution was - J - - - = - , 

* Vf 
The energy of the kaon was not just the surn of pion energies but relied mostly on geometric cal

culation! using the opewog angle from thed^ay; 

JM1** 
Mf - fcaortnus* . ff - opening angle 

m, - pkmrnaM 

T - 1 + U%lEi + e ^ d E,, F., - pwncncijiei 

Wim Urn method the resolution in kaon energy waa very much improved leading to - j ^ l * . 

http://i-.ar.ri


Systematic m o m 

1. Eiwf | y aea4e 

A very important point in this experiment was the determination of the energy scale, rruinly in tint 
neutral dcray motlc but i lso in th* Charged decay mode. In bnlh rcconslrudion mechinism the kion 
energy was cnuplcd lo ihe vertcs calculation. This, w u the feature on which the energy sa le delermi-
nation wa* kised 

taring spec ill mns kann hive been produced in fe UIRCI <KS- 1»Bti) directly M lite beginning of 
the dewy volume. IkcauK of the hing decay length of the Kv particle (rcr^- 3000 m at 100 (reV) 
only JCS were decaying and Ihcir decay pmdutfs recorded by the detectors. An anticoufltcr was placed 
in (he neutral fcion beam to record only decays whkh lonk place downs! ream of (his detector, thua 
defining a 7tm point in the system. The phyucaJZ'-lwilKTn 1"* this unlirounitf was pfccixly known-

l i t e procedure now was to fit i n eiponential diMrjbtitiori (folded with a GauttbnresohHion r«nc-
1ir*n> tr> the measured vertex distribution of the JV, decays, taking the lesolulnn and the anltenuntw 
position as Tree parameters. A comparison of Ihe measured inltcounlrr position with the physical pan-
lion gave the !>hift in the vertex measurement and because gf the described coupling *ko ihe shin in 
energy scab (Fig.4) Thus atiy lime dependent shin could be corrected by tiling the tnformaltnn fmm 
the regularly Ks data taken duringihe 19*7 run. 

Tigure 3 give* the final result fnr the precision or (he energy scale Tor charted Mid fetrtnl decays. 
Alv* one can we the very small nonlinearittes in the experiment. A deviation of 10 cm it. i * *nfi-
counlcr position was equal lo a I SH shift in energy scale whkh again would shift Ihe phase rallies by 
one degree. This givei an indication of how inipnriint Ihe energy seal* measurement was and how 
well il was earned through-

1. tlaekgiAHMl ttenis 

a) V - t V m n d e 

The cnly background lo this decay channel came from the decay of Kt—m*m%* ( D B 21,7 "A com* 
pared to Kt-*w*x* DR. 0.09! %).To reduce these decays several conditions per event had to be ful* 

Med: 

I. no signals from Ihe ring tnticnuntent surrounding the decay volume and the helium tank 

3. only four photons rttonrtructed in the i,AC 

1. the eenter-of-graviiy had to he within 10cm iround the beam a»ii» 
The main nit, alw u « d lo extrapolate the amount or htclcgmund into the xignilregion, was a con
straint on the recrmtiructed *" HUM 

H »-j-Jia V / } , J »i1 hff. / ( 
™r- { U2AftV) J I {KtftV) J 

fDM = invariant maw ofihepholnns 

. U I I | I I I I | I I | , j , I T . | >•• I I | M ! • ) I I I • | • I 

Stalkn 1 

i < i i i < i i i i i i i i i i i i i i 
• M* 4 » • » KO MM MM 

Z(cm) 

Flgire*. VcrtcldbditHUjatiKSiWi Onrin>td is Iht RWH fnm Ihefit pttwdilK. 
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irij - neutral rtfon m i u (134.9A MeV) 

for |<«»d <«nli N iliuuld fcc less thwt orie wtiile (he h«Ii|pciund fcginn w.ai defined « 3 * N < 12 
(I i(t *> 1 be number rif background «v«ms W D ificrwirJi flar <*(r.irxjUteJ into ih* signal itpnn and 
than, subti acted <C'<*1} i l w eaiwqucnlty asMrtaiiwd *.«V*i-rtund Irvel was IU . lor the KN dJU and 
3 V for V* KV d»ln (fifrS) 'be MUl effect on (he phase deittfnin.n«in «a i - 06 * when MIU(.\<A-
in i lit* ooilfjl tucfcfrmind 

The source of hackpounJ in Ihii decay mpdc ennjirted oF difTerrnl pan* ; 

* , , - « * . O R 3S6*,i 

A',-»j4- OR. 27 0* . ; 

K t - . ' « V B R 124V. 

A^aK ft 

ind kann and lamMa decays whkh Inn*, fttac t*fc>|t ifcc tollinulon and then being bent by a 
nutjKtic field. 

Allincickimiiirf b»cka7™"Hl were jubifanliaJly U ' " I f " 25) reduced by ihc fultowinfc cuts and 
retjuircmcnli: 

no hta in ih= aniicnumcrs 

no taiia photona ncoFUtniC'td 

cut on electron*. uain[ ihc tnnjiludinil shower development 

cut «n Ihe pion werty ratio < R < 1 %\ 

cut on ihc rwoiuinicled k » n maw 

6 Rjcciinf events »ilh a low n i u i ( < 120 cm) 

i > rtcrainini hatkpound came mainly fiom * e , dewyi "I«' F< * handle nn ihis «»enii and in esii 
male at ihe lame lime (he m o w * of baekpound in <hc *i»ulrep..n Hie unable D-iarger was uii 
liixd The measuwmcnl et D - l a r r « « « * W information «N»ul lite ifuiiwne nvunenimn of H* 
decay ntut t 9 »howi the d«intnrt»n ol p - i « w * ov«Ijytd * i t^ * rtfcttKe diwnbuiion o! pcantvt 
yknliTied X f ) event) A background irpon * a * AfincJ ( 6 « n < l > M < ID on) and W!LS Hie help of 
lnerefcren«di«ribulioftthUwaj«trjpoUirdpnlDihc3itnatregmn(ncm * D - t < i2Scm|>Scrn 
K D ) - The influence or (hi? fcKfcpound wblraclion on the charged pna.*c vjluc * « very small n 
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Puta analysis 

The ncit figures reveal tnme information aboul Ihe quality of ihc data taken in 1987, Figure ID Sketch
es the energy truth but inn of Ihc decay modes in the data selx KN and Kt5. The collected statistics can 
be wen from figure 11, showing Ihe uncoim-ed: lifetime dulnhutton* for ch«(td and neutral two pinn 
decay?. KN and KT~ data merged, l b exhibit the dear inlcifeienee feature in our data we started with a 
conventional lienlrnciil of Ihe data. Figure 12 display* ' 1 , c lifetime ifolribulion corrected for lifetime 
dciwtivaltng arid acceptance, ovrrbyed with a theoretical curve without interference term- One can sec 
the distinct differences and the full feature nf interference is eihihited when extracting the cosine inter-
Terence term displayed in figure \i Out this conventional method was not used ID extract ihe phase 
values from the data, herause the experiment was designed to avoid Ihc use of acceptance calculations 
Unit omtiiing a suwip source of systematic errors. 

IJetfiwtnalfnn of Ifce phase »*!*« 

The starting p°lnl or tlte phase analysis were 4 different data sets, charged decays and neutral detays 
from KN and KF running mode, Bach of l h « were subdivided into 5 GeV energy bins in ihe energy 
range 70 - 17(1 CfeV and "into O.S if lifetime bins in the vertex range 120 - OJO cm (/em point -
end pnim of the last collimator in Hie decay region). The crucial *(cp in the procedure was to form 
now Ihe ratio 

„ _ number of events (KN modti\ 
'J number of events (KF made) J 

in each energy anj t , bin separately for ihe Iwo decay channels (•*»".*'•»*)- This r*tm R had the 
advantage of being independent from acceptances. The fifelime WAS aJculated from (he center 
hcLween the two targets. The next slep consisted in forming the same ratio calculated from the theo
retical distribution 
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tttms. The Mowing table jfjows ihe rtfue* u«d for the Tried input paramelcrs 

Table 2 

M«*dilfcinra: ,̂  Am <* (3 521 + 0.014) * HT" MfiV 

Lifetime K-ahnrt I = (O.BWJ ± 0,0022) K ID' , 6 s 

Lifetime K-king I - ( 5 J S ± 0.04} x 1(T" s 

if*. - (2275*0 .021)* 10-' 

Ifolh decay model were hied *imu1lMW0t»Iy taking 4>«, andd# » + 1 . - # w ufree pwanwiei* In 
addition 10 dilution facte rt (one per 10 GeV bin, the same for charged and neiHtal) and 20 normalba-
fion fatten feme fer J0 GeV bin, charged and; netrtnf separately) were Died. The resuft of the (it it 
siwiKzcd in (he (blowing pictures, riwwkig dila distributions tot ihe decay modes in energy bin* 
overtaxed wiih the filled cunrei (Fig.14). figure 15 drsplayi the dulribultnn o( the ratio, all entries 
included and fformaEzed ID 100 GeV, for eH*fard and neufjnl decays cvrrhyA with two tiKontxrf db-
tnbuticm lo exhibit again the meixifcd interference in the neutral (utw vytfem. M*i« ifclnilcd 
description* can be found in refcttntxi 10 - 13 

FffUft 1$ dcmocuimcs Ihe meamred energy dependence of the dilution factor and in addition 
two pTtdfrtfona for the dafritnflion trf 0 are pwn. One extrapolating from fC .K' data to tf.ff* 
and fhe other based m **npfc amimplionJ Tram the quart - priori model [16J The ajrctiiwm in 
much neitcr JOT the aecond aawmpfkm but still not J*in[>ing 

The preavninary resuh (or the pni*e measurement of the NA3I group t) 

(**— MO wftA 76*. <teg,r*ti rfforfont) 
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result with previous measurer-tenls is shown in Circle 11 "I Ire composition of the syslcmitic error can 
be eiftacled Htom the following lank 

Table J 

Contribution! *.- *m a* 
Energy KJJC 0.6 0.1 1.0 
Nonlineuiiic* - <0.5 <0.5 
Background 0.1 0.1 0.1 
Regeneriiion 0.1 0.1 -
MCoxcptince 0.1 0.1 0.1 
XoohMioii KfKiible 0.2 0.2 

I h e main error onpnilcd from the memirermmt of the energy fv-tle in holh decay mode* Whiff *lt 
olhcr errors M T quite nnuftj e.g. ttrcfi Tram scnndl onto clfects in Ihe MC acceptance eikulfllirim nr 
arms from any background ttibfnctkin mert*>d*-

In addition la lne*e lyslfmttic trmn there eirftrd jnoAerca*fgory due m the urKcilamtiei in 
the cilerru! parameters ( c f ,^m used in the fit procedure) The xntitiviiy of ihc phwc* on change* of 
ihe par •meters can be represented In rht following way { see *l*o figure IK): 
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I t ih If ids ID Ihe follon-inn manner oFdwrlayinn the raw.) J of Ihe phiK mcnurcmcnl: 

W = (fl..V> + " , „W) ) ±1.6° ±1.1° ±0.2° 

* « " (« •<* + '„,(*«>) ± J . I ' ± l - 0 ' ± l - 3 ' 

</,, . - (4S.ir + 1 . J ^ J ) ± l.4"±0.6°± 1.4" 

('Mrhntai 

1h»mtt«lrcitKnlurihe NA3I pnup h » Mifolanlinlly Impfeivfdthf (TfcciamnofaiH knowkiSfc kbntri 
the v«fuca of (he ptaw* + M snd Ihe ph ix difference A4 >n Ihe ncuhal lunn syHem And Ihe reJvk is 
emiwtent with t!ie coniervjilinn of CPT. 
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ABSTRACT 

A measurement of the direct CI' violation parameter JMe'/r) by the £731 

collaboration at Fcrroilab is reported. The technique that utilizes a 

double KL beam is described and associated systematic errors arc 

diieuiscd. 

©II. Yanurnoto I9S9 



Current members of the E731 collaboration arc: A. Barker, R. Brioro, L. 

Gibbons, G. MnkolT, V. Pupadimitriou. J. R. Patterson, S. Somalwnr, Y. 

Wall, IS. Winstcin, R. Winston, and H. Yamnmolo from The University 

of ChicHEo; F». Swallow rrarn Elnihuntt College and The University of 

Chicago; G. Hock. It. Coleman. J. Knngonio, B. Hsiung, R. Stcfanski, K. 

Slanficld, and T. Yamanaka from Kormilab; M. Karlsson. R. 

Tschirbnrt, and G. Gnllin from Princeton University; P. Debu, B, 

Pcyaud, K. Turlay, and \i. Vallate from Saclay, 

INTRODUCTION 

Kver since it was discovered 25 years ago,1 the manifestation ofCP 

violation has been confined to the neutral kaon system. Furthermore, 

until recently, all the observable effects of CP violation have been able to 

be accounted Tor by CP contamination (parametrized by c) in Kg and Ki, 

states which are cigenstntes of mass and decay rate: 

where Ki(K2> is a CP plus(minus) eicenstatc. If there is no direct CP-

violatinp; transition K2(CP-I -»2n(CP+), then decays of K3 or K.Lto2ic 

occur only through its K| component. In such 0 case, the observable 

parameter >i = amp(KL-*2it) /amp(Kf;-»2i) would be equal to e 

independent of whether the final state is JI*IT or 2ft° (i.c, r|». = n.00 = e). 

and theisospin structure of the final state would be the same for Ks and 

KL; namely, tos = 011, where 0)3,1, = nmp(Ks.L-^l=2) /ampfKs^-tlsO) ore 

the AIrl/2 enhancement factors in Kg and Kj. respectively. Quite 

generally (without assuming CPT), the parameters Hi- and T|o0 can be 

written as 2 

f *• • i n . = e + f= 
I l+wsN2 
1 2e-

l n o , , = ' _ I ^ 
with 

<Z _K amp(K2->I=2) amp(K2->U0) 
c S ^ ° ' L - U S ' " amp(K1->l=2)''amp(K|-»I=0)-

The quantity amp(K2-»I=iVamp(Kl-»l=i) is a measure ofdircct CP 

violation in decay to isospin=i final stale; thus, the following three 

statements are equivalent and signal existence of direct CP violation: (1) 

rate ofdircct CP violation (defined by the amplitude ratio above) in 1=0 is 

different from thai in 1=2- (2) AI=l/2 enhancement in Ks-»ZK <«s> •* 

different from that in KL->2K (OIL)- <3) n+- is different from noo. If CPT 

symmetry is assumed, then one can make the fourth statement (which 

is more widely known) equivalent to the above three: the phase of 

amp(Ko-»l=sO) is different from the phase ofamp(Ko-»I=2) after phase 

shifts due to final state interaction arc taken out. 

Often, the difference between n,. and noois studied by the double ratio R 

of the two pion decay rate of the Ks and KL; 



nni.-»«+ii-ynKs->n+ir) , . „ , . . , 

The supcrwcuk model of CP violation3 proposed by Wolfcnstein predicts 

essentially no direct CP violations; thus Rele'/c) = 0. In the standard 

model, however, CP violation is caused by an irreducible complex phase 

in the quark mixing matrix4 and predicts non-zero values of order 10~3 

Tor KC(EVE). 

In 1988, the NA31 collaboration at CERN reported5 a value orRe(eVc) 

three standard deviations away from zero (0.0033±0.0011) which 

corresponds to the double ratio R being 296 above unity. There, Ksdecays 

and KL decays were taken separately. In the following, we present u 

determination of Rc(£'/£) by the E731 collaboration at Fermilab* based on 

a data set in which all four decay modes are taken simultaneously. 

APPARATUS 

Figure 1 shows the side view of E731 detector. A double KL beam is 

generated by a 800 GeV proton beam striking a Be target with a 

horizontal targeting angle cf 5 mrad. The neutron flux reaching the 

detector is approximately the same as that for kaons am' posed no 

problems. Ks is coherently generated by a BjC regenerator placed at z = 

123 m (2 is the distance from the production target) in one or the beams 

which alternates between the two beams every spill (every minute) in 

•6 
in 

a E 
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order to symmetrize the beam fluxes nnd acceptances of Ks and K L 

decay*, The regenerator IR implemented with four layers or scintillators to 

detect flnrt veto inelastic interactions in order to suppress incoherently 

generated Ks. Also, a 1/2 inch thick piece offend is placed just upstream 

of the lost layer of the scintillators in order to sharply define the 

upstream edge of Ks decay region for the neutral mode as well as for the 

charged mode. The trnns verse shape of beams arc defined by a two-hole 

beam dump that imincdititcly follows the target and two sets of movable 

collimators Actual beam profiles arc well reproduced by adjusting the 

configuration of these components as used in the Monte Carlo 

simulation of the detector (Figure 2). 

Neutral demys are reconstructed by a 804-block lead-glass array with 

photon energy resolution of 2,5 + 5/vE(GeV) %. The two beams pass the 

calorimeter through two holes (12 cm by 12 cm each). Charged tracks 

arc defected and nwmontum-nnalyzcd by a ZOO MeV-kick magnet and 16 

layers of drift chambers which are grouped into four sets. A typical 

single-hit position resolution was 100 microns which resulted in a 

typical eingle-track momentum resolution of 1% for K'K- decays. 

Eleven layers of photon veto counters ore distributed along the apparatus 

to detect stray photons thereby reducing the background from K L - * 3 * ° 

decays in the ncutrnl mode. Tn the charged mode, a muon filter (3 m of 

steel) followed by a muon hodoseopc is used to suppress the background 

from KL-»TCMV decnys, 



The neutral mode trigger requires at least 30 GeV of energy deposit irj 

the calorimeter and that four or six clusters are found by an online 

hardware cluster finder1 which counts the number »tf groups of 

contiguous load-glass blacks with more than 1 GeV energy deposit. The 

raw gain of each block was kept within 5% of each other so that the 

hardware cluster finder can directly process the raw pulse heights. TLe 

use of the hardware cluster finder was essential in enabling us to take 

data at a rate nearly 10 times higher than that of the previous run. 8 In 

addition, it is required that there be no hit in the trigger plane (see 

Figure 1) and some of the photon veto counters. Thus, 3aP decays as well 

as 2K 0 decays arc accepted. The charged mode was triggered by any hits 

in the trigger plane and hits in the B,C hodoscopes consistent with 2 

charged tracks. Also it was required that there be a t least one drift 

chamber hits in both left and right sides or the second drift chamber set, 

and that there be no hit in the muon hodoseope. The accepted decay 

modes are then it*n~, ic+jrit0, and nev. 

DESIGN CONSIDERATIONS 

If each decay mode is collected separately to form the double ratio R, 

then, one has to control the dead time caused by data acquisition and veto 

counters to an impossible accuracy: since the beam intensity invariably 

changes, the dead time caused by data acquisition can easily vary tens of 

percenls, and the probability of accidental hits in veto counters also 

changes depending on the beam conditions and floating gains of 

counters. This can be solved by taking two modes each simultaneously: 

one in the denominator and the other in the numerator in forming R. 

Thus, one could take the two KL modes simultaneously and the two K3 

modes simultaneously, or, one can take the two charged modes 

simultaneously and the two neuLral modes simultaneously. Either will 

work just as well in eliminating the dead time effects. Another 

important effect is due to efficiency/gain shifts in the calorimeter and 

drift chambers. For example, if some drift chamber wires arc dead 

during K[/-*ji+ir data taking and not during Kg-*it*v data taking, then 

it will introduce a bias in R. This effect, however, cancels to the first 

order if, for each of the charged and neutral modes, Ks and KL decays 

were taken simultaneously. Our entire data were taken in such 

manner, furthermore, in one-fourth of the data, all four modes were taken 

simultaneously, which has an added benefit of, among others, being able 

to use high-statistics charged mode events {such as electrons in nev 

mode) for neutral mode calibration and aperture surveys. About S0% of 

such data have been analyzed, and the result presented here is based on 

that portion of the data set. 

EVENT RECONSTRUCTION AND BACKGROUND 

A total of approximately 5000 tapes (6250 bpi) have been written, and the 

20% reported here has been processed with the Fermilab Advanced 

Computer Project (ACF) system. In each of the charged and neutral 



modes. Ks decays and K], decays are kept together throughout the data 

reduction chain; only in the final analysis job, each event is classified 

whether it originated from the regenerated beam (Ks> or the vacuum 

beam (K[.). This ensures that any loss ofdaLn duo to damaged tapes etc. 

will not affect the result. 

In the charged mode analysis, n+K- decays were reconstructed by 

requiring two good tracks of opposite charges that originate from 8 

common vertex, and forming an invariant mass assuming charged pion 

mass for the tracks. The tracking code was carefully designed to 

maximize the defection efficiency of genuine two track events including 

removal oroiiL-of-timc tracks using sum-or-limc information of paired 

hits. The dead time in the drift time digitization was also studied in 

detail and implemented in the Monte Carlo simulation together with 

actual dead wires and plone-to-plane fluctuation of efficiency and 

resolution. 

Figure 3 shows the reconstructed n*ir invariant moss distributions Tor 

Ks and Ki.. The mass resolution is about 3.D MoV, and the signal region 

is defined to be ±1*1 McV around the nominal knon mass, which gives 

(after all cuts) 178803 K s candidates and 43357 KL candidates. There is 

virtually no background for Ks except for the lower-side tail which 

nroses the discrepancy between the data (histogram) and the Monte 

Carlo (do(s). The tail is due to the n'icy radiative decay. For Ks. the 

gamma emission is completely dominated by internal bremsstrahlung 
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Figure3. Reconstructed mass plots for KL (a) and Ks <b) to ic îr. The 

date is shown by hi'logram and the Monte Carlo by dots. 

54-



with CP+ frwl state which is nothing but a soft radiative correction U> 

the normal Ks-̂ n̂ K* decoy. For KL, however.lhere is a substantial 

contribution from Cr- final state as well as from CP+ final state. The 

latter is simply a soil radiative correction to the CP violating Ki.-Hc'ir 

decay and has the same spectrum as for Ks, while the former has a 

much harder gamma energy spectrum. The CP- final states, which is 

present only for KL, could in principle introduce bias in the double ratio. 

Owing to the good mass resolution, however, the CP- it+x-y contribution 

within the mass window is negligible, and the resulting bias is less than 

2x10-" in R. 

Background due to Kk-mev decays in KL-*K+H" sample is suppressed by 

requiring that the energy deposit in the calorimeter is less than expected 

for on electron of given track momentum. The residual background is 

seen in the mass side bands in Figure 3 h; this can be se^n more dearly 

when plotted as a function of P t

z calculated at the regenerator9 as shown 

in Figure 4 a. The peak at P t

2 =0 is the genuine Kt-»it*ir decays and the 

nev background is estimated by extrapolating the distribution in P t

2>1000 

(MeV/c)" to the signal region of Pt2 <250 (MeWc)2 (solid line) and gives 

(0.32+0,06)%. Background from nuv decays are suppressed to an 

negligible level by vetoing on the muon hodoscope (momentum of each 

truck VJ».B required to he greater than 7.5 GeV to ensure penetration by 

muons through the muon filler) 



The I \ 2 distribution Tor the regenerated beam is shown in Figure 4 b. In 

addition to the coherent pcuk at l\% =0, one can see a broad distribution 

due to Kg generated incoherently at the regenerator. The Ki, beam 

passing through the regenerator can produce Ks * n three ways: 1) by 

coherent regeneration which is well understood and is the part we use 

in this analysis, 2) by diflrnctive regeneration, and 3) by inelastic 

interactions. The contribution from inelastic interactions is 

substantially reduced by vetoing on the scintillators implemented in the 

regenerator. Roth of the incoherent backgrounds (2 and 3 above) have 

almost flat \\2 distribution in the plot and the estimated incoherent 

contribution under the coherent peak is (O.I3±0.01)%. 

The neutral mode is reconstructed by combining four photon clusters in 

the calorimeter into two neutral pions. For each of"the pion candidates, 

the longitudinal distance 6z between the decay vertex and the 

calorimeter is given by 

VEJET 
fiz = dji —;— J , 

where dy is the distance between the two clusters, Ei and £j are energies 

of the two photons and m^ is the nominal neutral pion mass. Out of 

three possible ways or pairing the four photons, the correct combination 

is the one for which the two pions have consistent decay vertexes. Once 

the longitudinal position of decay vertex is known, the kaon mass can be 

calculated by 

"z i>j 

In Figure 5 is shown the kaon mass distributions for the neutral modes. 

The signal region is defined to be within ±18 MeV around the nominal 

kaon mass, and the number or candidates is 201332 for Ks< and 52226 for 

KL- The background seen in the side band for the KL mass plot (Figure 5 

a) is dominated by 3K° decays for which two out of six photons are lost 

either by escaping the detector or by merging with other cluster in the 

calorimeter. In order to understand the shape of the background, a large 

amount of 3*° decays have been fully simulated. The simulation employs 

a library of cluster patterns taken from real electron clusters and 

supplemented by an EGS simulation of electromagnetic showers.1 0 The 

shape as well as amount of the background predicted by the simulation 

is shown by dots; the agreement is reasonable. The actual estimation of 

background is performed by normalizing the predicted shape in the side 

bands, giving (0.37±0.07)%. The corresponding mass distribution for the 

regenerated beam is shown in Figure 5 b. The nan-kaon background for 

K$-*2r° is negligible. 

Figure 6 shows the center of energy distribution at the calorimeter. For 

purpose of the plot, when the regenerator is in the top beam, the vertical 

axis is flipped so that the regenerated beam is always in the negative y 

region. Two beams are clearly separated; there are, however, decays of 
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Figure 6. Center of energy distribution of 2n° event* at the calorimeter. 
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Ks incoherently generated at the regenerator. Unlike the charged made, 

it is not possible to trnco the knon direction back to the regenerator to find 

out which benm it originalcd; thus, there is n cross-over contribution 

from the regenerated boom Lo the vacuum beam due to the incoherently 

pert crated Kg. In order to estimate til is background, we take equal-area 

concentric rings around the center of vacuum beam and plot the event 

density aft a function of (he ring number, which is simply the orea in 

ens 2 inside (fie ring (Figure 7 a). Since the incoherently generated kaons 

are common to the charged and neutral modes, the PL 2 distribution 

men&uTctt in the charged mode can be corrected for acceptance And then 

implemented in the neutrnf mode simulation. The dotted line shows the 

absolute prediction of the cross-over background by the simulation. The 

agreement is excellent; again, the final background is estimated by 

normalizing the predicted background shape in the incoherent region 

giving (4.70±fl.l4y%. The incoherent contribution for Ks is estimated 

similarly by plotting the event density as a function of ring number 

around the regenerated beam (Figure 7 b). The absolute prediction ofthe 

simulation is quite good, and the estimated incoherent contribution for 

Ks-t2nf> is (2.R6+O.0m. 

ACCEPTANCE 

The double beam method relies on the fact that the acceptance of a decay 

at a given longitudinal position is independent of which beam it occurs 

in. Alternating the regenerator between the beams ensures it to the first 



order the higher order effects, however, could still remain. Thus, it is 

desirable that two beams be as close as possible. This makes it difficult to 

meve the regenerator longitudinally to make the z distribution of K$ 

similar to that of KL because KL decays well upstream of the regenerator 

arc obstructed by it. Furthermore, moving the regenerator 

longitudinally undermines the original purpose of simultaneously 

detecting Ks and KL decays that occur at a same longitudinal position. 

With the regenerator at a fixed longitudinal position, however, the z 

distributions ofKsnnd that of K .̂ arc different and thus it is important to 

understand the acceptance as a function of z position. 

Figure 8 shows the z verbix distribution for KL-****-. The dots are Monte 

Carlo, and the ratio of data to Monte Carlo is shown in Figure 8 b. The 

agreement between data and Monte Carlo is good,, and an error that 

would correspond to 2% shift in the double ratio is shown by a dotted line. 

Thus, if the acceptance error is linear in 2 (which is a good 

approximation locally), then 1% shift due to misunderstanding of the 

charged mode acceptance is comfortably ruled out. For extracting tVe, 

we take events between z = 120 m (shown by the arrow) and 137 m. 

Corresponding plats for Ks-*n*«- arc shown in Figure 9. The sharp edge 

at the upstream end oi* the distribution is defined by the veto counter at 

the end of the regenerator. The vertex distribution for KL-*n°ita is shown 

in Figure 10. For this mode as well as for the charged mode, the 

suppression at the upstream end for the vacuum beam is due to a mask 

made of lead-scintillator sandwich which defines the aperture for 
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photons as well as Tor charged pnvlicles. Another aperture-defining 

counter is located at the end of the aecay region (z = 137.8 m); this and 

the active mask together with the drift chambers or the calorimeter 

define the geometrical acceptance or a ^i-.en decay. Trial only a small 

number of fully active elements define the apertures facilitates the 

understanding of acceptances. 

EXTINCTION OF KetE'/Ej 

Downstream of the regenerator in the Ks beam, there is a transmitted 

component of KL as well as the regenerated K5, whose amplitude is the 

coherent regeneration r.nplitude p times the transmitted KL amplitude. 

For a given kaon momentum, the decay rate as a function of proper time 

t from the rcgenci-otor Ij>(L) is then given by 

Ilrft) - £L . ,j cxpHAs + iAnit) + 11 2, (1) 

while the corresponding function for the vacuum beam Iy(t) is flat: 

Iv<t) = f (2) 

where ig is the Kg life time, dm the Ki,-Kg moss difference, and an 

approximation T L » I S *S used. The parameter a is the relative 

attenuation of the KL, flux in the regenerated beam with respect to the 

vacuum beam flux f The parumeu r f includes the partial decay rate of 

KL-+2s. 

Typically, |p/nj is of order 10; thus, the 2n decay yield is dominated by the 

Kg term and R = 1 + 6Re(e'/c) *> r+7r°°, where r (+- for charged mode and 

00 for netIral mode) is the yield ratio 

r2 lr 
r= JlyUMt/JlitfUdl (3) 

ti ti 

within the fiducial region ti«:l<tz corresponding to 120 m< z < 137 m for 

the given momentum. This approximation is sufficient in estimating 

systeftwtic errors; in the actual fit, however, the full formulae ar** used 

(and without the approximation TL»TS) . 

In each kaon momentum bin, p/t) can be calculated from Equations (1) 

through (3). In order to derive a quantity that docs not depend on 

geometric factor due to the finite thickness of regenerator, p is converted 

to{f-fVk, difference of forward scattering amplitudes of K°and K°, by 

•xrr 1-e" f-f ,. , 1 .<Sm, L 
p = m M L - I - T , with x = I 2 - ' 7 ^ ' A ^ . 

where N is the density of scattercrs. L the Ien/;th of the regenerator, and 

As the Ks decay length. Assuming r\*' = r\°° = the world average,1 3 

Figure 11 shows (f-fVk as a function of kaon momentum for both 



charged and neutral mode. IT Rotc'ft) is positive, then it will result in (f-

Wt Tor the charged mode being smaller than that for the neutral mode 

by l~3Hc(e'/£) The consistency between the charged and neutral mode 

rnd'CHtcs that lirtc'/c) is close tb zero. Also, there is no indication of 

momentum dependence of HeCc'/c), 

In order to combine ail the momentum bins, we use the fact that the 

momentum dependence of (f-tyk follows a power law p-«(ns seen in 

Fiffure 11} which is cipecled from 0 single Rtwe P"'e exchange model. 

These assumptions arc well supported by experiments;' 'the use of 

them, however, is a matter of consistency check rather than of essence, 

and results are not affected when these assumptions arc not made; 

namely, if one calculates Itetc'/c) In each momentum bin and 

statistically average them to obtain n final ItcfcYr) value, the result is 

consistent with that of the above method. When the power law coefficient 

a is fit separately for the charged and neutral mode*, the result is 

0.602W.O1O ( O.oOaiO.OlO) wi;h x 2of 11.5 (10.7 ) Tor 9 dcgrcci of freedom 

Tor the charged ( neutral) mode. The two viluos arc consistent with each 

other and also with previous measurements-12 The parameter* of final 

lit arc: a the power law coefficient of (f-fVIt, absolute value ortf-lVfc at a 

reference momentum (70 CcVl, and RC(EVE). The values for fg, dm,and 

V are fixed to the world average.'9 The result is ReU'/c) = -0.0004 ± 

0.00M, where the error is statistical only. 



SYSTKMATICS 

I'ossihlc sources of systematic error are: 1) backgrounds, 2} energy 

Bculc/rcsoluiton, 'A) acceptance, ami 4) rate effects. They will be discussed 

in order. 

Tito rclcvunl backgrounds hiive been discussed already. The errors are 

due partly to statistics of background fila and partly to uncertainties of 

background idiapcs, with both sources contributing comparable 

amounts. The statistical parts can dourly be added in quadrature, while 

the parts due to uncertainties in background shapes tend to cancel in 

forming the double ratio. For example, main uncertainty in the ihapcs 

of two largest backgrounds, the incoherent backgrounds in the neutral 

mode, in the shape of the background under the coherent signal; if the 

geometry arotnul the holes of the calorimeter is not simulated correctly 

then the nmo-.mt or background can be biased. TKL* bias, however, will 

affect Kg and K|, by the sumc amount to the first order, thus resulting in 

u unbiased value of R, To be conservative, we will add the background 

errors in quadrature to get 0.18% systematic error in H. 

The energy scale for the charged mode is determined by masses of 

reconstructed K 0 - , K + i r and A-+mr decays. The accuracy is good enough 

not to cause any problems. 

Calibration of the lend glass calorimeter far the neutral mode is a 

critical element of the analysis. The hluck-to-block gain variation is 

determined by H pedal calibration runs where olcclrotipasiLruii pairs 

thai are creeled upstream of the detector me steered by two magnets in 

the detector (the separator magnet and the (lnulyzing magnet) to 

illuminate the- entire {surface of the calorimeter. Figure 12 shows K/P 

distribution for 1.3 million electrons used in the calibration, where E is 

the energy deposit in the calorimeter and I* is the I ruck momentum. The 

overall energy scale was then adjusted by alimil 0.5% so that the 

upstream edge ofKs~*ji°itu decays lines up with the nominal position of 

the regenerator (Figure 13). The residual uncertainly in 0.1'.%. The 

fiducial region of z vertex was chosen such that when the cnurfty scale is 

slightly ofT, the total number of events in thu region dues not vary much. 

Figure 14 shows the effect nf changing the energy seule in the analysis. 

The behavior of the data and tha* of the Mtmte Carlo are consistent and 

the uncertainty in the double ratio due to the energy scale error of fl.Ki in 

0,03%. The analysts, however, is sensitive tu the uncertainty in resolution. 

The resolution is studied by the width of iflifl invariant mass 

distributions and how well the z vertexes of two pions match when each 

photon pair is constrained lo have n° mass, and lead to mi 0.2% 

uncertainty in the double ratio-. 

The vertex distributions of 2K modes Tor data and Monte Carlo as shown 

in Figures S through 10 gives a measure of our understanding of 

acceptance as a function ofz vertex. Mere sensitive check of acceptance, 

however, can be made using high statistics decay modes taken together 

with 2K modes; namely, 10 million rrov events fur the charged mode and 
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Figure 12. E/P distribution for electrons collected during a special 

calibration run. 
Figure 13. Decay vertex distribution for Kg-nfl/P. The sharp upstream 

edge of the distribution is used to determine the energy scale 

in the neutral mode. 
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S million 3x° events for th< neutral mode. Figure IS shows the data and 

Monte Carlo comparison for the nev mode. The agreement is reasonably 

good within the fiducial region of 120 m < z < 137 m. The vertex 

distributions for the 311° are shown in Figure 16. Note that it shows the 

distribution down to z = 150 m; the agreement is good in the entire region 

shown. Acceptance uncertainty allowed in these high statistics modes is 

translated to uncertainty in R of 0.08%. 

When the KL-KL yield ratio r (Equation 3) is calculated in small vertex 

bins as well as in kaon momentum bins, the uncertainty in acceptance 

cancels out* eliminating the need for acceptance corrections. The result 

is consistent with the standard fit, even though the systematic error duo 

to resolution uncertainty increased, giving 0.2% uncertainly in R. We 

have also varied apertures, beam shapes, efficiencies of drift chambers, 

but the result is found to be insensitive to these changes. Combining all 

the above, we assign 0.25% systonatic error in R due to acceptance. 

An otherwise good event can be lost when accidental extra hits overlap 

with it. The ways they are lost can be divided into two categories: First, 

the accidental hit does not dire'fly interact with the signal event. An 

accidental hit in a veto counter that hills the event belongs to this 

category. The probability that a given event is lost in this manner is 

independent of whether it is KL or K s. thus, it does not affect the double 

ratio. Second, the accidental hit interacts with the signal resulting in a 

loss of the event. An accidental hit in th • calorimeter that overlaps with 



tOO 105 110 T15 IZ0 125 130 135 140 
Z [ m ] 

1.0* 
1.02 

1 
0.98 
0.96 ill 

«0 

j i Hi 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J 
100 105 110 115 120 125 130 135 HO 

Z [m] 

Figure It. The vertex distribution of rev mode. A high statistics check 

of charged mode acceptance. 

-466-

2.25i l0 5 * -

1.75x10b j-

1.25x1G5 i-

.75»I0 5 

3-TT0 a) 

.25X103 

no i2o 
1 1 . • i . • i 
130 MP 150 160 

Z VERTEX [m] 

Figure 16. The yertex distribution or3it0 mode, A high statistics check 

or neutral mode acceptance. 



one of the photons from » Icaun decay belongs lo this cutlery, This has Q 

potential of coupling to alight topology differences between Ut, and Kg 

biasing1 the double ratio. 

In order to study such bias, a category of events have been taken 

simultaneously with the rest of the data which arc triggered by a muon 

telescope pointing toward the proton target. The events triggered this 

way correctly represent (he cjttn) hits ovcrlupp'-ng grj/>d haon CYOtita 

including the clTtict of buncli-to-lmnch intensity fluctuations. These 

'occidental' events have on uv&agc 0.027 clusters in the colorimeter and 

8.5 chamber lilts. They are overlaid on Monte Carlo events to find out if 

there is any asymmetric loss between Kj, und Kg- In overlaying chamber 

hits, idiosyncrasies of digitization electronics <dcad time etc.) are 

correctly taken into account. The IDSS is about 3% Tor each of the fouif 

•nodes, and there is no bias observed beyond statistical uncertainty of 

0.07%. 

figure 17a showsraw Ks-K|, yield ratios for the charged and neutral 

modes as a function of time, and bc;tm intensity is plotted in Figure 17 b. 

The intensity varies with time considerably, fcul the yield ratio is 

consistent with being constant for hot)) modes. As a final check, value of 

He(tVc) as a function of beam intensity is shown in Figure 18. The beam 

intensity is monitored by muon rate which is a good measure of intensity 

of the beam hitting the target. The plot shows no indication of rate 
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depenO*!.. of the result. From the abnve studies, we set a systematic 

error of 0.10% in R due to accidental overlaps. 

Error due to uncertainties in the fixed parameters of the fit, Tg, Am and 

n/-, is small. On the other hand* as a self consistency check, we can fit 

for Tg and Am in the same analysis using small vertex bins to make the 

fit sensitive to the functional shape of vertex distribution. The fitted 

results for ig arc 0.890S+O.OOG3 (10 I 0 sec) for the charged mode and 

0.8340+0.0061 ( 1 0 l u sec) for the neutral mode, which are consistent with 

each other and - " *>.> world average or 0.892310.0023 (lO 1 " sec). For 

am. we obtain 0.524±0.018 (10<° sec 1 ) for the charged mode and 

0.524±O.O18 (10 1 0 sec') for the neutral mode,which can be compared with 

the world avenurr. orO.E35±0.002 <10"> sec'). 

CONCLUSION 

Table 1 summarizes the systematic errors. The final result is then 

RKE'/E) = -0.0004 ± 0.0014 10.0006 where the first error is statistical and 

the second systematic. Study or systematic errors are facilitated by 

taking all or the four 2ic decay modes simultaneously and by high 

statistics modes such as *ev and UH° modes which have also been taken 

nt the same time. Our rrsult is consistent with zero and thus with the 

superweak model, and does not confirm the NA31 result. The standard 

model, however, is not inconsistent with our result particularly with a 

rather high top quark mass. 1 4 With the whole data set analyzed, the 



Table 1 Systematic Errors 

source (%> 
backgrounds 0.08. 

acceptance 0.25 

energy scalc/rcBolution 0.20 

accidental overlap 0.10 

total 0.3fi 

statistical error is expected to reduce to 0.0006 with a comparable or lees 

systematic error. 

i .1. H. Christenson, J. W. Cronin. V. 1.. Filch, and R. Turlay. Phys. Hev. 
Lett 13(1964) 138. 
2 The parameter e in the expression is defined by 
onip(KL-»I=0VamntKs-»I=0) and not identical to l in general. Thoy aic 
related by e = e + amp(K2->I=0)/amp(Kl-»I=0) (they are identical if there 
is no direct CP violation). 
3 h. Wolfcnstein, Phys. Rev. Lett. 13 (1964) 569. 
* M. Kobayashi and T. Masukawn, Prog. Tlicor. Phys. 49 (1973) 652. 
5 H. Burkhordt et al, Phys. Lett. B206 (1964) 5GS. 
6 J. R. Patterson et al., submitted to Phys. Rev. Lett. For a detailed 
description or the analysis sec: PhD thesis, J. R. Patterson, University of 
Chicago, 1990 (unpublished). The number of Re(c'/c) was not presented 
in the actual talk: it was announced two weeks later at Fermilab. 
7 H. Sanders el al., IEEE Trans. Nucl. Sci. 36 M988) 358. 
' M. Woods et al., Phys. Rev. Lett. 60 (1B88) 1895. 
9 Even though there is no regenerator in the K], beam, P L

2 is calculated 
in the same way as in the regenerated beam; namely, hy tracing the 
decay vertex back to Uic longitudinal position of the regenerator and 
drawings line from there to the target. 
'» W. R. Nelson, EI. Hiroynma, II. W, O Rogers. SLACrtcporl-26S(19S5). 
" J. Roehrigei a!, Phys. Rev. J-cU. 38,0977) 1116. 
•'•! A. Gsponer et ai.,Pliys. Rev. Lett. 42, (1979) 13. 
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u For example, see: J. .-1. Flynn and L. Randall. University of 
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RARE KAON DECAY EXPEHIMENTS* 
Dougla.s llrymtiii 

TRWMF, 4V04 Wttbruitk Mall, VWotiucr, B.C. Canada V6T 2A3 

TIICT statu-* of new seusi'iv** experiments searching for rare kiinn decay* is 
reviewed. Exti-iisivr experimental work on ran.' kntm decays in currently 
being performed at BNU KElv ami FNAL to search for rjcotic physics ami 
lu examine standard model predictions in great drtuiL Major advai-crs 
spraining order; of magnitude are in progress iu efforts to study allowed 
processes tikf A"+ -+ ir+i'V mid A'£ —» pji. New insj^lil> into the origin of 
CP violation lire bring sought by studying A'£ -* 7t°c*e~. Evidence fur 
new particles and nrw interact ions could ap|>ear in searehe-i fur Kl —• JI * J-
WIMTC I rrprrscuts a hypothetical neutral particle or system of neutral 
uarLicira mill in searches fur li-pUm tlnvu-r vmlnliug processes A"" —* fit 

1. Introduction 

It arc [lirrays of ini>MniK JJIICI }r-pt<->n$ play u significant role in chid! cubing the 
stoialard mix Id and in searching for effects which rouhl indicate new direriiou:?. 
Kuoii decays have Iwrn a lirh and often surprising sourer «>f mforniiilion at 
cvury stage in tin: development of tin 1 present picture of fundamental particles 
and their iiilcr-unions. Parity violntmu, CP violation, neutral current* and the 
existence of charm arc all effects in which kuou decays txtiltiii"! crucial or uniquv 
features. Kaon decays remain in the forefront of modern high precision attempts 
to test the accuracy of standard model predictions, to define the nature of C P 
violation, and to search for ucutrnl flavor changing currents and. leptuu flavor 
violation (LFV) among other new interactions and particles. In this lecture, tin-
latest results from the present round of rare* Lion decay experiments nt UNI. 
and KEK will Ix: discussed. For recent reviews of rare kaou decays are Ilefs. 1 
and 2. 

2. K* -* v*vv 

Reactions which nre. allowed in the standard mode) can provide importuftt, 
detailed information, and ca*i also herald tin? presence of new effects. The pro
cess K* —* x*vP offers a primp example of flic uitifpie opportunities available 

'Sections of tliii paper were adapted from TarifcEe Physics Prospects at lTit* KAON 
Factory", presented by D. Hryman at the International Mrcciiignn E'liysirs at KAON, 
Had Ilonnef, W. Germany, June I'JU'J, ami from "Hare Kann Decays", Ilmi}<|^ A. 
Hryman.Int, J. Mod. I'hys. A 4 h 75(1EVS'J). 
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in the sLndy of rare knmi decays Itccaiisc a rclinhlc higher-order calculation 
assuming three generations can be con Fronted hy expnriment. Nonconformity 
witU Uic standiuri inwlrl prediction could imply now physics in the form of 
cxtrn genrrnt itms or entirely new types of pnrtirles or interaction:)- The rale 
for A ' f -* ff+r'P depends on parameters of the Cnbbibo-Kobayashi-Masknwa 
(CKM) ninlrix n* evidenrnl by the diagrams in Fig. 1. Cons I taints an the 
CKM mixing parameters \'u\'\-i have lteen derived from scmileptonic B-mcson 
decays, from the menswed fr-rpiark lifetime mid from the large observed JJj-flj 
mixing which, fur example, fixes Vtj (although with considerable uncertainly 
at present). The A"+ —* TT^VV hrnnflitng ratio as a function of the i-quuk 
mass with the de|>ende]ic" nn uncertainties of U-mcsnn decay obscrvablcs lies 
in the region 1 to 7 x 10"'° for m, in the range 50 to 200 GeV/c 3 . 3 Ellis and 
Hagrlin 3 calculated radiativr QCD effects indicating tlmt if the mixing angles 
and i-qu.cV mas? were known a firm prediction for the A*+ -* jz*v^ brandling 
ratio could b«- made. Conversely, a measurement of the branching ratio would 
hi! significant in con? train nig these parameters find would allow a d i f c t test of 
higher order weak corrections in the standard model which is not ElguikaJitly 
eimstrained by uncertain long distance effects4 as in ealcuJatians ot K^ ^-* ftp 
and the K° - A'<- mass dlfTcrciice. 

A precise standard model prediction for the A"+ —» if+vl? branching ratio 
allows the renction to be tiRrci to search for new physics. The least exotic ad
dition to the present picture would involve additional generations of quarks 
nun Icplon*, Since experiments measuring K* —• w*i'v do not observe the 
weakly interacting decay products, it in possible that this reaction i* accojnpa-
nicd by A*+ -» IT+JT' or A' + -»ir*"i, which occur at comparable or even much 
higher ratr-j. The window for exotic effects appearing unambiguously in the re-
actum A"* -• T T + M ' extends two orders of magnitude from the current limit 
B(K* —* j r + j tr ' ) <: 1.4 x 10~V* to the upper level of the standard model value 
JTJ(A' + -+ * + i ' i») -w 10"*. In supersymmetric theories a variety of new particles 
are hypothesized including the supcrsymmclrie partners of the photon [y)y the 
Higgs particle [H), the leptons and ijie quarks. These could contribute to the 
rate for A* - • TT+3-X', if the masses are sufficiently small. Schrock* estimated 
that if tree level graphs dominate in the decay A ' + -» **y^T tlien the branching 
iM'.o could be as large as 1 0 ' 7 , near the current limit. Other possibilities for 
exotic reactions A' 4 —f x*xx' and A'* —i i r + i involving scalar or pseudoscalar 
particles have been suggested. The Majoron (a rnasslcss Nambu-Goldstone bo
son), the axion, light Higgs particles, the fainilioii and hyp erpho tons are all 
potential candidates for r above. 

An experiment is now in progress at Bmok haven National Laboratory (EiNL) 
to measure the process A*+ - • **«u?.7 The app ratus for BNL E787 t a BNL-

*AII limits discuss^ in this pap*r will be At the 90% confidence level. 



Priiiccttm-THIUMF colhiljorutitui, is pictured in Fig. 2. The £787 dul< d o r lias 
u large geometrical acceptance (2ir sr) for the K+ —* » + u7/ decay mode and 
has been designed l« maximize the rejection of background processes such as 
A r + -* **"*° ( A . i ) , A** - • K + I » H (AVi)t A"+ -* ;* +*'7, and others. Sensitivity 
for identification of uuaccom]Kmicd pious from A' + —* it*vv is aceomplislied 
through measurements of momentum, kinetic eiturgy, range, decay sequence 
n —* jt —• e, and nenrEy 4ir coverage for detection of photons, The 800 MeV/c 
A' + beam is brought to rest in a 10 cm diameter target consisting of groupings of 
5cmliLi.'<«r,s fibers 2 mm in diameter view photoiuultiplier tithes. The decay 
pious pass iJirougli a cylindrical drift chamber which measures their momenta 
in a 1 T league tie field. The pions then stop in a multi-layer plastic scintillator 
range stack v/hich also contains umltiwirc projxirtiQnnl chainl>ers. Each range 
stack counter (2 cm thick) ia viewed froir. both ends by 5 cm diam phototubes 
rend out by GOO MHz ransicut digitizers, so that tli*; decay chain ir -* jt -* e 
can 1« observed fur particle identification. The total energy of the decay pious is 
measured by summing the pulse heights of the largf * :.nd range array elements. 
The pion detector is completely surrounded by 12 to 15 radiation lengths of 
Pb-sciutillator gamma veto (1 mm Pb, 5 mm scintillator). Figure 3(a) shows 
an example of a calibration event of the type A' + —» T+TI0, A blow-up of the 
target region is shown iu Fig. 3(b), Energy and time for each target element are 
available at present from an ADC and a TBC, respectively, so that the incident 
kaou and outgoing piou elements can be identified. In Fig. 3(a) the momentum 
calculated from the track in the drift chamber is 198 MeV/c, 'Lrtcrmined with 
resolution op = 2.5%; the track energy is found by summing the range stack 
and target energies to be 97 McV with a resolution of oB = 3% and the range 
is 31 gm/ctii 1 with a resolution of tru = 3%. Correlation of range, energy and 
momentum arc used to verify that the particle is a piou. In addition, the T —* jiv 
decay puis; is observed using the transient digitizer (TD) in the last range stack 
counter hit as shown in Fig. 3(c). The energy and timing of the 4 MeV muon 
pulse can be obtained and checked for consistency of position using the two 
ends of the counter. The {t ~* euv d e c y is also observed with the TD during an 
inspection period of 5 /is. In ti.*s event, the two photons from *° decay are both 
observed. We have determined from data that the inefficiency of the photon veto 
system is F„0 < 4 ^ ""O -8 for JT°'S from A',s which ia consistent with expectations 
of Monte Carlo calculations. 

The E787 experiment had a engineering run in 19SS and has just completed 
a 10-week run. From the 19S8 exposure oi 1.71 x 10 1 0 Ikaon stops no candidate 
'•vents were found in the accessible kinematic region above the K , 7 peak which 
comprises t. iproximately 17% of the availublc phase space for A*4 -* ir+vv. 
With an overall acceptance of 0-0055 we t.-iain a new limit on the branching 
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ratio for K+ -* it*vu (or A"+ -+ n*xj.') 

r(A + *• nil) 

F«r the hypothetical two-body decay A* -• it4a tliir limit is 

T ( A + -4 all) 

wherea represents any light, non-i liter acting p-icticlc such iw an ax'nmor fiumlon. 
In addition to the primary search for processes like A*+ —* n-+r, tin; 1988 

data set from E787 was used 10 extract more sensitive limits on other pro
cesses including decays involving tight Higgs particles" K* -*• x*Ji; H -» /*"V~ 
and direct (continuum) decays K* —* r + / i*/ i" and K* -* / i + / 0 ( f , V Three 
candidate everts of the type Jv + -* n*ft*frt shrrwn in Fig. 4 and listed in 
Table I, were observed. They are consistent with being due to the direct demy 
A** —t 5T*IJ*/J" for which the expected background (due to particle misidentifi-
cation) is D 3 ± 0 3 events from A"+ -+ sr+ i;~t+t\ Based on these data we can set 
limits on the process K* —* n*H; H —* P^P" for Higgs particles in the mass 
range 220 < mff < 320 McV/c 1 as shown in Fig. 5. Table 11 lists (preliminary) 
limita for Kl -* x+p+pT imd A"+ -» p+p~p+i'. We have also searched for 
K* -+ ""*77 Mid K+ -* T + TT°; JT° - • vxt and found no candidate events leading 
to the results shown in Table II. 

Table I. The JT+fi*fi" and U + JI" m«wn of the three fi* — **I***J" can
didates. The errors in Jlf,„„ and M^,, are 7-5 MeV/e' and 5.0 McV/c 7 , 
respectively. 

Candidate # A f w (MeV/c 1 ) M H P (NfcV/c 3) 

1 498.4 208.7 
2 495.0 255.5 
3 4W.0 25G.1 

2, /£-» *Vc-
CP violation has only been observed in the neutral kaon system in ft£ -» 

2JT deeaya and in the charge asymmetry in A'j? —• ire^v {Kf3) decays. In the 
sta/idaid model with at leant three generations a CP-violating phase can be 
accommodated in the quack-mixing matrix. The magnitude of CP violation is 
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^"* Higgs Mass (MeV/c ) 

mio 220 240 260 280 300 320 
ETfi. 5. The upper limit* of the branching rat.o for K* — ** II; U — >i*p" 
at a function of tnjj (tottii line). The dashed ijne j& (tie result uf an inclusive 
search for A + — .+A r ' (Ref. 9). 



Tabic II- Sminiinty of (preliminary) results IW the E7&7 1988 run. 

Proems Urnnching ratio limits 
(90% CL.) 

A'* _» w*t<V < 3.4 x NT 8 

A'* - x*a < C4 x 10"* 
K* -* x+tt\ / / -* /i*|i-* < 1-5 x 1 0 - 7 

A"+ — * V n " < 2 - 3 x U T 7 

A'* -» n*irn+v < 4.1 x 10"7 

K4-***n <10"* 
ir° - (^ < 8 x 1 0 - 7 

'230 < tu„ < 320 McV/c 3 

indicated by tho parameter <" —10""3, which has n* its source the A'fl, A'0 mass 
inntrix. CP violation is manifested by the level of GP impurity of A'& and K% 
Affiles. A second possible scuirce of CP vio^nlimi originates directly ftom the 
A* —» 2 T decay amplitude mid is represented by the parameter «*. A recent 
CERN experiment 1 0 (NA31) reported consistency with the CKM picture of CP 
vudiitton, finding « non-y,ero vnlue*(»t tbc threc-sliuidard deviation level) for 
the rnlio f*ft = (3.3 i: 1,1) x 11T3. Fermilab meprriment E 7 3 1 " " is r xpccled 
to report a result for / / « Inter this year with romparable or greater precision. 
Whether a non-zero value of *'/< is confirmed or (especially) if an inconsistency 
nppents further experiments fire Heeded to drfine or confirm, the origin of CP 
violation. 

The decay A"£ -» ff°e+e" is a rare example of a reaction which can proceed 
through both CP-con serving and CF-violating paths at potentially compara
ble rates. Since A'£ consists of tiie CP odd-state Kj with a small admixture 
of the CP even stale A*t, decoys proceeding through two virtual photons and 
through a single virtual photon are, respectively, possible. Various calculations 
indicate the CP-conserving and CP-vioIatirjg amplitudes may be comparable 
nnd, furthermore, that the CP-violatii.g components due to the mass matrix 
( A S « 2) and the direct 2rr amplitude {&S = 1) may also be comparable. 
Essential theoretical ivoifc is in progress to understand this reaction.1* Because 
the ranges of calculated values for the CP-violating components and the CP-
conseTving component!) (both due to mixing and direct contributions) are wide 
and overlap1 there would be considerable difficulty in interpreting an observa
tion of A"£ - • ff°e4e" bused on the rate alone. A measurement of K% -* ir'e+e" 
{estimnted to be at the 10"'° to 10" 8 level) 7 4 would provide the most reliable 

input for determining the CP-violating part of the K£ -* » °e + e~ amplitude due 
to mixing (j,r., the A"i component). Tlirre rtiny IMT sufficient variation in DtdiU 
plots to enable one to distinguish thr CP-viotnting from the CP-conIrving 
components if adequate statistics were available (a formidable* tusk in light of 
the small branching ratio expected). Seljgal1 5 calculated the phase of the 2 i 
ampfttude nrtd the iiitcrfnrenrc between the I7 nnd 2? cordrifmttmifl to arrive 
at another possible observable, a CP-vinlating asymmetry Ix-lween #* niid c~ 
energies. LiUcnberg (see Ftcf. 2) IIILS suggested measurement of the time df|ieii-
dencc. Although the branching ratio in expected to lie in the W r a to 1 0 " n 

region and significant BtatLities will be necessary to unravel the various c«n-
tfibutbns, K° -* x ° r + e ' is certainly an important reaction for study to help 
elucidate the mjtfbnninin of CP violation. 

Recent experiments at CERN 1 8 and FNAL , r ftnve resulted in branching ra
tio limits for A'jJ — * + e + c ~ : D[Kl — *°r*r") < 4 X 10"". The present round 
of experiments at FNAL, BNL and KEK in aiming to reach the I 0 " n to 10"'° 
level where initial oliserrotion of A'£ -* Tt°r.*r~ may l>e possible. The experi
ments require high beam intensity and tliwfocp detectors with Ca»l riwpnnse, 
large acceptance and cxrellent pnrticle idrntifimtion capabilities to diittingiiish 
electrons from piotin, Potrntiiil backgroumln m»y arise from combination* of A'" 
decays with accidentals such as KJ —«lev plus two aeridcntal gninma rnyit nnd 
minidentificatiofi of the charged pion as an electron. The decay chain A'4 -* W 0 

with »° -+ 27 -* e + e ~ couW ajso prove to ixr an important background. 
The set-ups for the proposed experiment* nt KEK" and DNL'* are shown in 

Fig. 6(a) and C(b), respectively. (The FNAL experiment is described clsewlierc 
in these proceeding*.) Jn KEK E162 a 2 to 10 GeV/c beam of approximately 
6 x 10T A'J/puU? enters a 3 m decay region closely followed by a mngnctic spec
trometer which includes a gas Ccrcnkov detector for particle identification. The 
spectrometer in to be followed by a 16 radiation length calorimeter composed 
of 500 blocks of pure C*l- Tests indicate that energy resolution *j5 «- J | <&n 
be achieved in the calorimeter which uses the fast component (r ^ 10 ns) of 
the Csl scintillation light (the slow component will be partially rem wed by fil
ters). Experiment £845 at BNL [Fig. 6(b)] is similar in concept to KEK E1G2; 
however, a lead glass calorimeter is being used. Both experiments arc expected 
to take significant data by 1990. 

4- Lepton Flavor Violation 

Searches for rare karm decays not expected in the standard model could also 
contribute dramatic new information. Lepton flavor violating (LFV) interac
tions are strictly absent in the standard model with massless neutrinos because 
neither the intermediate vector bosons nor tbe Hrggs particle have LFV cou
plings. However, i s many extensions of the standard mode) LFV interactions 
appear nsturalty, leading to decays like A*£ -* fte and A ' + —* » + / jr . Among 
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these are models in which flavor violations aie mediated by honziintal gauge 
bosons, additional neutral Htggs part tries, vector or pseud USCHIIU- Ii-ptnijiiark:. 
and supcraymmetric particles. The mass regions piofanl by rare loum proe'r^u, 
reach Kales of order 100 TeV/c ' , which arc inaccessible to dirert i*\pui iiuenis 
at any existing or planned Ugh energy accelerator. Tublu III (see Ref, 1) gm-s 
a wimple of the mass regions probed by current experiments. Tims, tdthungh 
kaon decay exjwrnnents are generally performed at relatively low energies, their 
implications arc relevant and complementary to studies dune at the highest 
energy facilities and beyond. 

Tabic 111. Mass bounds from different processes 

I1KI-'-•*} 
r<Kt-= 3 ! 
riM-?*} 
riKi-=s> DKT-=3 
n** - • * • " > 
m r=i) 

n»— LL1 
n»~. s» 
Oi!=; EU 
n— ."I 
liaL =!ft 
<w-=Sl 

Higgs Pscudosealar Vector Ex]x.-rhiienthl 
scalars leptoquarks Iepto<]uarks value 

(GeV/cM (TcV/c*) (TeV/c J ) 

11 S H!> < 2 . 2 x K I - | U t 

4.7 3.0 C2 9 x l 0 - y b 

8 2,6 108 < 3 x l l ) " l o < 

1 0.5 5.0 < 3 x ] ( ) - " ' d 

0.3 <4 .0x 1 0 " * 

2.C - - < 1 . 0 x | ( | - | ! ' 

22 21 118 <4.Gx l O " ' 1 " 

AmjKf - ATg) 150 :

 3 ? . X _ 1 0 : . , S CeV " 

•Rcf. 20; LRci. 21; eRef. 22; dHcf. 23; 'ttcf. 24; 'lief, ZS; and «ltef. 2C. 

A"£ -* /ic is a prominent process with which to search for LFV, since it 
involves both quarks and leptous, lias a large available phase spacr and occur* 
at a favorable rale in many models compared to some other LFV process-a. 
The hadrunic current for A'£ —* /ie must be either axial-vector or pbeitdosealar 
unless the process is mediated by leptoquarks. A"£ —• ne could also ncmr by 
means of camtitiK-nt rearrangement in some substructure models. 

Potential backgrounds in ex]>eriuiems scarrluug for A'£ —* fie arise faun t\n-
decay K"£ -» *«/ ,( A'rj) followed by TT -• uJv decay-in-flight. In order to suppress 
this type of background, experiments are cuufigured to perform high resolution 
tracking of the charged decay products in a magnetic field. From thiv informa
tion the decay vertex can be established and the kinematic renmstruciion of 



the III IHUSH achieved. Requiring the reconstructed kauu momentum vector to 
point In tlir kimiL production tnrget can provide nn additional const mint. High 
[eMihilioii find Imv IIWSR in the decay region and tracking Kystrm enhance the 
ability tn delect and identify kinks in the trncks due, for example, to pion decay. 
A red umlaut union energy determination made by measuring the imion range 
allows the furl her ulentinVntmn nf muons winch result from the decay-in flight 
of pious, si urn n mismatch Avjth the. apparent union momentum will ocriir with 
high probability. 

Two high sensitivity cx]vprjrnrnts arc presently under way to search for 
A° ~* ttc at branching mtio levels ranging from l O " , D to 10"" . Set-ups for 
BNL E791 (Ref. 20) and KEK E137" arc shown in Fig. 7(a) and 7(b), re
spectively. The approaches arc .similar in that Ihp A'J decay zone is fnlluwrd 
by ultra thin tracking chaiJilters, two analyzing magnets, Ccrcnkov counters for 
particle identification, I'h-glass electron detectors and redundant massive muoii 
eiingy detectors, whirl* akoscrvr in filter out hndroos. The use of two opposing 
(Hjunl bends is advantageous for identifying events in which pion decays occur 
inside the del ret or and for restoring the direction of the decay products to im
prove the ability to fnnn an experimental trigger. Central vacuum chambers 
reduce the probability of Iveam neutron interactions (neutrons typically com
prise 9U"/fi of (he A"° beams) and limit multiple Coulomb scattering of the kaon 
decay products. The experiments also include segmental inuon range-stneks, 
which nrc designed to obtain nuion energy measurements limited only by range 
straggling. 

Initial results from both experiments have been reported recently (just fol
lowing this Institute). No A'° —• fie candidate events have been identified from 
either search, thus far, reuniting in the following brandling ratio upper limits: 

KEK E m - . D\I<1 - pr ) < 4.3 x 1 0 " , Q 

BNL E7D1: B[Kl -* fit) < 2.2 x I 0 " 1 l > . 

BNL E7D1 has also recorded 87 A'jJ —» /I/I events result in •; in a branching ratio 
B{K% -* ,./.) = (n.5±0C (stat) ± 0.4 (syst)) x 1 0 » (Ref. 28). KEK E137 has 
obtained 54 A'£ -»fifi events giving JJ(A"£ -» up) = (8.4±1.1> x ID"" (Ref. 27). 
In addition, limits mi the branching ratio for A"° -+ re were B{K^ -* ce) < 
3.1 X 10" l° for DNL E791 and D{Kl — « ) < 5.6 x l O - 1 0 for KEK El37. These 
experiments nrc continuing. 

Even if A*£ —• ;tr is absent, A** —* T + / * ± C T could cccur, because it can be 
generated by vector or scalar currents. Ex peri mentally, 'he thrcfrbody charged 
particle final state makes definite vertex reconstruction reliable and allows strict 
energy and momentum constraints to tic imposed. The natural background, 
K* ~* T +ff +ir" followed by reactions TT —• ;tw and ir —* ev, which has conect 
final -state particles, is highly suppressed due to the 10"* branching ratio for 
jr —* cv decay. AH other potential background processes, such as K+ -* x + * ° 
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Fig. 7(»). Set-up for BNL E791 March for ff£ - • jie (R>f. 20). 
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Fig. 7(b). S«tiij> for KEK EI37 watch for A'£ - (it (Rcf. 27). 

folluu-t.-(l by TT° -» c*e 7, rajnirc pattirk* misiik'titlficutiijli. 
An cx|>uriiiicnt is in progress Ht BNL to starch foi A"+ —» w+fi+c' (sue 

Ilcf. 23). The set-up for DNI> E777 is shown iii f*ig- S. Phe firriijigeiiMiiit of 
detectors is asymmetric with positive paiticles directed hi tin: right side and 
negative particles to the left. Mil Hi-cell threshold Cercnkov counters perform 
the par tick- identification function along with the lead scintillfUur colorimeter. 

BNL E777 has produced a now limit based on no observed candidate events 

B(K* - . i r + p + e - ) < 3 x i c r 1 0 , 

assuming a. uniform phase space distribution. In addition, a limit was found OJJ 
the branching ra t io 2 9 

r ( r A A - r T T < ^ "'«-• 
I \A + -* all) 

for a hypothetical ^4°, which decays via A° —* c*t~ with life time shorter than 
1 0 " ' J a mid mass less than 100 MeV/c a . Upper limits were obtained as u function 
of moss and lifetime of A0 aa shown in Fig, 9, 

S. Conclusion 

Major advances, spanning orders of magnitude, have recently Iwen arliieved 
in experiments dealing with rare kaon decays at BNL and KEK. Further signif
icant improvements in sensitivity for K* -* **t>V., A*£ —• ftc and A"" —* rr°ee 
are anticipated from current efforts. In the longer term, the upgraded booster 
at ihe AGS and the proposed kaon factory at TRIUMF may load to a new era 
in high-precision and high-sensitivity particle physics ex]wriments that have a 
unique role to play in examining the standard model and marching for hew 
effects. 
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C P VIOLATION 

Frederick J . Gjlman 

Stanford Linear Accelerator Oenttr 
Stanford University, Stanford, California 9{3Q9 

Abstract 

Predictions for CP violation in the three-generation Standard Made) are re
viewed based on what ts known about the Cabibbo-Kubi*yas)ii'Maskaw& matrix. 
Application lo the K and B meson system* is emphasized. 

Introduction 

It is now 25 yeara since the initial discovery of CP violation ami we art still 
faced with the question of its origin and its ultimate significance: 

• Is it a curiosity? Could it be physics from a much higher maw scale, at 
which we are allowed only a peck-a tiny icmnauL of new physics bcyuud 
the Standard Model? 

or 

• Is it a cornerstone? Does it originate inside the Standard Model? Indeed, 
a it the signal that there are throe or mure generations, all quark masses 
unequal, and all weak mixing angles nonzero? Is it then the single statement, 
summarizing all of this, and yielding a characteristic pattern of CP violation 
which ia tied to quark flavor? 

These are the basic questions which we seek to answer ex peri mentally, amt 
then to delineate the details of whatever u the mechanism of CP violation. To 
do so, we need to know how CP violation U manifested in the Standard Model. 

C P Violation in the Three-Generation Standard Model 

The matrix1 that describes the mixing of three generations of quarks has 
three real angles and one nontrivial phase. Any difference of rates between a 
given process and its CP conjugate process (or of a CP-violating amplitude) 
always has the form: 

r — f « a} 32 *a ci ca ca sin^A'Af « 312 « i *» c u en c j 3 s in£ 1 3 , (I) 

where we express things first in the original parameterization of the quark mix
ing matrix1 and then in the "preferred" parameterization adopted by the Particle 

© F . J. Gilman 1989 



Data Group,2 using the shorthand that si ~ s'mOi and c; = cos ft. Our present 
experimental Knowledge ^sures us tttnt the Approximation at setting the cosines 
to unity, which we often adopt in tlirc fa]lowing, induces errors of si most a Tew 
percent. In that case llifi combination of Angle-dependent factors in Eq. (1), 
involving (he invariant nicAsme of CP violation,* becomes the approximate com-
hi nation, 

*J *2 '3 si"f>KAt = flja *ai ' is sine"u , {2) 

which was recognized earlier as characteristic of CP-violating effects in the three-
generation standard model.4 Equation (1) shows us immediately that all three 
generations of quarks are necessary for CP vjpl»(ion; in par tic u tar, none of the 
angles can he zero, nor can any of the Cabibbo-Kobayashi-M&skawa (C-K-M) 
matrix elements. 

The C-K- M factors in Eq. (1) define the "price of CP violation* ttt the Stan
dard Model, This "price'" must be paid somewhere. It could be paid in a- Specific 
process by having many of these factors in both T and F» corresponding to a very 
small branching ratio for that process: Then when we form the asymmetry, 

r - f 
ACP tiouti**. = Y s i (3) 

the stnallnes* of the denominator results, in a large asymmetry. On the other hand, 
WQ price could be paid by having few or these factors in T and T separately (and 
Iwncfl in their sum), but only in their difference; the asymmetry » correspondingly 
small. There is therefore a. very rough correspondence between rarer decays and 
bigger asymmetries. This nile-nf-thumb » only thai; it can be mitigated or 
exacerbated hy other factors: hadronic matrix elements, dependence of one-loop 
amplitudes upon internal quark muses, and the possible presence of C-K-M 
factors in addition to those demanded by Eq. (1). A prime example of luck in 
this regard 15 provided by CP-violaling effects which depend on B - & mixing, 
where the large top quark mass allows fairly big asymmetries between B and B 
decay* to occur in modes which are themselves Tint suppressed in rate by C-K-M 
factors. 

The Uniturity Triangle 
In principle, measurement of just the magnitudes of the C-K-M matrix el

ements could tell us about the phase, 6^, at we]] as the "rotation angles" 
0]3> 0?3. and 0n in Eq, (1). This is most easily seen for the case at hand* 
where the "rotation angles'1 are small, by U3ing the unitarity 0 f the matrix aa 
applied to the first and third columns to derive that (t;, have been **t to unity]: 

I - V i - J i j . V J + l f c . l w Q . W 

This equation is represented graphically in Fig. 1 in terms of a triangle in the 
complex plane, the lengths of whose aide* are JVĴ I, 1*12 • VJj\T ami \Vtj\f and the 
nontrivial phase in different paramcterizations is the indicated interior or exterior, 
angle. This triangle appears explicitly in Kef. 4, and has been cointncin>d on by 
many people,5 but has been particularly emphasized by Bjorken.8 

According to an ancient theorem, perfect measurement* of the lengths of all 
three sides could determine a nontrivial triangle, thereby completely fixing the 
mixing matrix, including the phase. Alternately, * act of measurements of the 
lengths could show that the triangle can not exist, forcing us beyond three gen
eration*. As a special case, the triangle could collapse to a line, and wo must 
go beyond the three-generation Standard Model for AH explanation of CP viola-
lion. Unfortunately, given our present experimental knowledge and our limited 
theoretical ability to compute hadronic matrix elements, the three sides are not 
known w'Ah sufficient accuracy to discriminate between these situations, let alone 
determine the value of £13. For now, to get information on the phase we are forced 
to consider a CP-violating quantity and assume it can be understood within the 
three-*;eneralk>n Standard Model-

Note that twice the area of the triangle is: 

SiSjSjsmStCM «dtj3jj3|3sind"ia . (5) 

This is "the price of CP violation," and reaffirms that if the triangle degenerates 
to a liueT then CP is conserved. 

With this representation of the ill-determined parameters of the C-K-M ma
trix, it if po**ib)e to see taoxc directly the interplay of various pieces of experi
mental information. In Figs. 2 to 6 we have placed7 th* tide 9u V,j along the 
horizontal and taken |1£#| at its central value 3 of 0.046, so that one vertex is at 
the origin and a second: vertex » very near tbe point (0.010, 0). Constraints on 
the position of the third vertex follow from4 

* l^all ~" An upper limit on this quantity forces the third vertex to lie inside a 
circle about the origin. A lower limit, taken here Co be \V^\ > Q.OlJl^f, in 
implied by data indicating b—*u transitions presented to this conference.* 

* B — & Mixing - The combination of the experimental value of AAf/T and 
an upper and lower limit on the hadronic matrix clement8 forces the third 
vertex to lie outside and inside, respectively, circles drawn with the second 
vertex as an origin. 

* 1 - Imposing t ic constraint of obtaining the experimental value of [(| along 
with upper and lower limits on the faadronic matrix element forces the third 
vertex to he between hyperbolas. 
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Figure 1, He-presentation in the complex plane of the triangle formed by the 
IvM matrix elements V^, s\i • l^ ' and Vti, 
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Figure 2. Constraints un the "unitarity triangle" for mt = CO GeV and 
1^1 = 0.046. 
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Figure 5. Consliaints on the "unitarity triangle" for mi = 80 GeV and 
Jl'rtl = 0.WB . 

m t =120 GeV s 2 3 =0.046 
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Figure 4. Comlrainli on the "unitarity triangle* for mi = 120 GeV and 
1^,1 = 0.0-16. 
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Figure 5. Constraints an the "unilariiy triangle* for mi = 160 GeV u d 
| l ' < t | = 0.1M6 . 
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Figure 6. Constraints DD tlic "uniluity triangle" for m, = 200 CcV ami 
|Ki| - D.DI6. 
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Figure 2 show* the situation for T«I — 60 GeV, where the position of the third 
vertex is *iuitf limited by the solid curv«a indicating the various constraints. 
The dotted circle* represent* the lower limit on \VU\\ from the observation of 
6 -t w transitions. A sample UflfUrity triangle is indicated by the dashed linca. 
For sfill lower values of m l ( the inner limiting circle due to D - B mixing moves 
outward and eventually becomes incompatible with the other constraint* - thin 
in precisely how a lower limit of around 50 GeV for mi came about after the 
observation of large Bj - lid mixing. 

Aft we move to A top quark mass of 80 GeV in Fig. 3, the region permitted for 
the third vertex opens up. Vatuea of mt = 120,1G0, and 200 GeV in Figs. 4, 5, 
and 6, respectively, show a progressively longer and lower allowed region, an both 
(lie upper and lower limits from R — ft mixing and from \t\ enter the picture. 
Note in addition that the base of the triangle, J IJV^, is itself only moderately 
well determined: Figures 7 and 8 show what happens for mt s; 200 GeV when 
values or 0.036 and 0.056 are used Tot |V<*| 

The new lower limit we are using for (V^l plays little role, except for the 
hraviest top miwses, onre the "< constraint" is imposed. Of course, the latter 
.VMIIIKS tlmt CP violation wiginate* in the C-K-M matrix; it in very important 
to ascertain without any such assumption that \V,t\ i$ nonzero, and eventually, 
to pin down its value. 

Of more import, for high top manses is the constraint that follow* from com
paring recent experimental data 1 0 - 1 1 on B[K -» H+**~) with the value expected 
from imilarity, i".e.t K -* 77 —* /i "*>""• alone. The average 0/ the two recent 
experiments is B(K -* M+*»~) = 7-0 i 0-6 x 10"*, while the unilarity limit is 
G.8 ± 0.3 x I0~ 9 . If it is assumed that the abort-distance contribution to the real 
part of Lhr amplitude is not cancelled by long-distance contributions, then one 
obtains a bound on the charm and top quark shtirt-distance contributions to the 
branching ratio of 2 x 10~ 9 at the 3^ level. While there is no fundamental reason 
that a cancellation between the short-distance and long-distance contributions 
cannot take plare, any major cancellation would have to be "accidental." In any 
case, for large lop masses tliL* constraint becomes important, and in particular 
restricts flcVW After due account of QCD correclions (relevant to the small, 
but non>negligible, and countructively interfering charm contribution), the effect 
of this constraint1 2 is shown for mt = 160 and 200 GeV in Fig*. 5 and 6 by the 
dashed-dot Vine. As is seen in the figures the third vertex of the nnllarily triangle 
is forced to the right from the resulting upper bound 1 3 on |SfeVfj|. 

When viewed from the point of view of the "price of CP violation," i.e.t twice 
the area of the 11 nit Mi ty triangle, it 1* the altitude times the base that matters. 
This quantity clearly has a large range, '.specially once we have allowed mi to 
vary all I he way tip to 200 GcV. A ballpark figure For s]s2&zSt is several times 
1 0 - r \ whirli nir-.iiiH that sis^s is of Order 10"3-
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Figure 8, Constraints on the "uni tartly triangle" for mi = 200 GeV and 
\Vft\ = D.D56. 

Status of C P Violation in th« Standard Model 

Given this "price of GP violation," we can "naturally" understand why 

|e|*2.28xlO _ J £6) 

js to small and CP secrr.il to come so close to being a symmetry in K decays. 
When all the factors are put in, the size of \t\ U roughly governed by that of 
S2Sjj|. This ii "naturally" of the right size in the technical sense that to have 
323i9§ of order 10~ ] does not require any angle to be fine-tuned to be either 
espcebHy small or especially large. 

This same factor of SJSJJ* pervades all OP violation observable* in the K sys-
tem, ao it is then not so surprising that after 25 years the total evidence for CP 
violation in Nature coDsiils of a nonzero value of t, and one statistically signifi
cant measurement" of a nonzero value of the parameter t'/t = 3.3 ±1.1 x 10 , 
representing CP violation in the A' -* TT decty amplitude itself. Experiments 
at Fermilab1 5 and at CERN l f are continuing with the aim of reducing the statis
tical and systematic errors. The value of t' from Ref. 14 is consistent" - 1 8 with 
the three-generation Standard Model. Unfortunately, this is not a very strong 
statement. Other values of t' would be consistent as well because of our tack of 
knowledge both on the experimental and theoretical fronts: 

* The hadronic matrix elements of Hie penguin operators, upon which the 
prediction of t' depends, arc fairly uncertain. Definitive results will pre
sumably come from lattice QCD calculations which still seem several years 
away. 

• The predictions depend OIL the value uf ajJiJ*. which in turn depends (aside 
from another hadronic matrix element) on m, through imposing the con
straint of obtaining the experimental value of t. Very roughly, as mt goes 
up, the range allowed for a-js^a^ goes dawn* and ao docs the prediction for 
t?. 

a Also as mi rises, the contributions from *2 penguin" and *W box" dia
grams begin to be significant. For sufficiently large rrij, a recent calculation'9 

contends that most of the usual (strong) penguin contribution to *.' can be 
cancelled in this way. 

Experimental and theoretical progress over the next few years should clarify 
these points. But even if the situation becomes that the value of / is in significant 
accord with the tfi roe-gene rat ion Standard Mode], this single number is unlikely 
tu be regarded as conclusively establishing that the origin of CI1 violation lies 
in the C-K-M matrix. We would demand addilional evidence: A trjnu/e set of 
C-K-M angles (including the phase) must be able to fit several different processes 
which exhibit CP-violating effects, providing a redundant chock on the theory. 
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There are two tua'm nvcttuv* being pursued in order to gel this additional 
evidence. One i* to look for CP-violating effects in tlic li meson system. Here 
the CP-violating asymmetries potential!/ can he very l&'&c - of order 1 0 - 1 or 
more. The second way is to consider other A' decays where CP-vkdating effects, 
although very small, may occur with a different weighting (from thnt in K *-*• 
jrn) between effects originating in the miws matrix and in the decay amplitude. 
Possible A" decays which come to mind include ft' -* 3* , K —» 77, and K -+ 
ffir-y,10-" and especially KL -* n°t^t' and A*/. -» r*v&. We take up A' decays 
in the next Section, Having the B system for last. 

CP Violation in Hare K Decays 

The talc IfHiOs and early Iflffls marked a peak in experiments on A* decay*, 
sparked by the discovery of CP violation-*5 This effort tailed off as many impor
tant measurements were completed and new ureas of physics opened up in the 
1970s at electroti-posiLron and hadron machines. 

Then in the laLe l̂ TOs and early 1980B, both theoretical and experimental 
developments Jed to a "rebirth*1 of A* physics. On the experimental side, great 
strides were made lo create high ftux beams, handle high data rales, incorpo
rate "smart triggers,1" improve detectors (especially for photons), and be able to 
analyze cnotmotis data samples. These matched, at least to some degree, the 
requirements in precision and rarity being demanded by the theory for incisive 
tests of the Standard Model. The last fen years have seen the beginning of a 
parade of results which are the culmination of 4 decade of work in perfecting and 
performing the needed experiments. Much more is yet to come, and one can sec 
the opportunity to make use of the beams iuid detectors which are already in 
existence, or are being developed, to attack the rare A' decays which wiEl give 
additional insight into CP violation. 

On the theoretical side, the establishment of gauge theories for the strong 
and elcctroweak interactions provided a well-defined basis for calculations. The 
throe generation Standard Model could be used to make predictions of what, 
by definition, was inside, and, by its complement, outside the Standard Model. 
The question of uwho ordered the miion™ was generalized to "who ordered three 
generations with particular values of masses and mixing angles," and attention 
WAS directed at interactions which would <*onncct quarks and leptons of diTcrenl 
generations, producing flavor-changing neutral currents. 11 was realized that not 
only did the three-generation mode] provide an origin for CP violation in the 
nontrivial phase in the quark mixing matrix, but that CP violation should affect 
the A*0 decay amplitude as well as the H° - A"° mass matrix, resulting in values 
of <'/<: »' the 1C"1 to JO"*2 range.2 4 There were also predictions for short-distance 
contributions to a number of other rare K decay amplitudes induced at one-loop, 
both CP-conscrving and CP-violating." 

There has also been an associated experimental development which ha* im
portant theoretical consequences: The rise of the top quark. Over the pas) drnadr, 
the "typical11 or "best" value of the top quark mass used in theoretical papers 
has risen rnonotonicaliy, somehow always remaining one step, or maybe one and 
a half steps, ahead of the experimental, then-current, lower bound. Value* of 
15, 25, 30, 45, . . . GcV have been used in varkum papers (some of thein mine), 
and subsequently fallen by the wayside as experiments have been able to search 
at higher and higher masses. The present lower limit is around GO GeV, below 
which a top quark is said 2 5 to be "unlikely-" U sccma that limits even higher 
than this will be quoted at high confidence within a month, ax the analysis of the 
present round of collider data is completed. An upper limit of around 200 CeV 
follows from analysis of neutral and charged current dnta and the measured Iv* 
and Z masses (i.e., consistency of the p parameter with unity).*7 

The rise of the top quark mats has important consequences when we go lo 
calculate onc-EooP Contribution p. tor the penguin diagrams in Fig. 9 iuvulv-
ing a top and charm quark and a virtual photon (the "electromagnetic pen
guin'"); the conserved nature of the current demands a factor of q*w the square 
of the four-momentum carried by the virtual photon, be present in the numer
ator of the amplitude. This cancels the l / o 7 from the photon propagator; the 
leading term for small {compared to M^} top mass in the coefficient of the 
appropriate operator behaves as In (mj/mj) . By contrast, the "£ penguin1' 
or "W box" involve noflcoflserved currents: the factor q2 in the irumcrator is 
replaced by the square of the quark mass in the loop and the propagator by 
l/tfl 2 + A/|) w 1/AiJ or 1/A/&. The corresponding coefficient behaves like 
[{m2,fhffa) In (rrtJ/Af&) - (m?/A/&) In fm?/M&)] *hen the top maw ,* small, 
frt (he days when m? « Mfo, it was completely justified to throw away the 
Z penguin and W box contributions to such amplitudes in comparison to that 
of the electromagnetic penguin. Not to any morev The various graphs give 
comparable contributions, as we will see below in a specific example. More
over, the contributions from the top quark become the dominant ones to various 
rare ft* decays when m\ » Af^. In the three-generation Standard Model, as 
m, rises farther and farther above Mw, more and more of one-loop K physics is 
top physic* and * e are in the interesting situation where those working at the 
highest energy hadron colliders are pursuing another aspect of the same physics 
as those working on the rarest of K decays at low energies. 

Let us illustrate a number of the above remarks by looking in more detail at 
one particular rare K decay in which it is possible to observe CP violation and 
which has emerged aa the object of concentrated theoretical and experimental 
study. 
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Figure 9. One-loop diagrams giving short distance contributions to A' de
cays, and in particular, to the prongs K -» r(+(~: (a) the "electromagnetic 
penguin;" (h) (he "Z penguin;" (c) the "IV box." 

Hi. -~ i r V - e - • 

If we define A'| And A'2 to be the even and odd CP eigenstates, respectively, 
of the neutral K system, then Ki —i x°e + e~ has three contributions: 

(1) Through a two-photon intermediate state: 

This is higher order in a, but is OP conserving. With two real photons there 
are two passible Lorentz invariant amplitudes for A*/, -*• a 0 T>. One is the 
coefficient of f j / F}/t which corresponds to the two photons bciug in a state 
with total angular momentum zero. Consequently, it picks up a factor p f jne 

when contracted with the QED amplitude for 77 — e + e ~ , as the interactions 
are all chirality conserving, and its contribution to the Ki -» x°e + e~ decay 
ralv i v totally negligible.2* The otlier invariant amplitude is the coefficient of 
a tensor which contains two more powers of momentum and one might hope 
for its contribution to be suppressed by angular momentum barrier factors. In 
chiral perturbation theory, an order of magnitude estimate 3 9 for the resulting 
branching ratio of A'j —* x° e + e ~ is It)"1*. However, a vector dominance, pole 
model predicts 5 0 a much bigger result: a branching ratio of order 10~", roughly 
at the level aa that arising from the CV-vio|ating amplitudes (sec below). The 
experimental upper limit on the branching ratio for A'/, - t v0-jf has very recently 
been considerably improved,31 and now is only a fcw Limes largpr than some of 
the predictions. 2 9 , 3 0 In the future we might have not only a measurement of 
the branching ratio, hut a Dalitg plot distribution which could help distinguish 
between models. The final answer for this contribution remains to be seen both 
theoretically and experimentally. 

(2) Through the small (proportional to t) part of the HL which is A't due to 
CP violation in the mass matrix: 

Ki Ps Ki ± <A'| 

A*i -* w° 7„riMi — *V"e~ . 

We call this "indirect" CP violation and may calculate its contribution lo Lhc 
decay rate once we know the width for the CP conserving process A'i -* i r 0 e + t _ . 
EvL-mually, there will presumably be an experimental measurement of Y[l\s -* 
wGe*e~)t which will take all the present theoretical model dependence wzy. Vvi 



now, equaling lliia width to the measured one for K* —» i r + e + e~ gives the 
oslirnate: 

/.;'AV. -> i V r U r t = o,5S x I0-" . (7) 

(3) Through the large part of the Ki, i.e., A2, due to CP violation in the 
decay ftinpfittulr; 

Ufc call this "direct'* CP violation, and the amplitude for it arise* from the 
diagram? shown in Fig. 9. For valued of mi « Mw, it is the "electromagnetic 
penguin"1 that gives the dominant short-distance contribution to the amplitude, 
which is .tnmmarizcd in the Wilson coefficient, C71/, or the appropriate operator, 

QlV ** a ( 5 7 f , { l - 7 s ) d ) ( K 7 ^ ) . 

Values of 171. — M\\> allow the UZ penguin" and "W box" contributions to be
come comparable to that of the "electromagnetic penguin^" and bring in another 
operator, 

Qu = "T (*T.O-ft)<0(*V-r»«) -

The QCD corrections are substantial for the ^electromagnetic penguin11 con
tribution and have been redone Tor the c a a e H , M when m* — My?. In contrast, the 
lop quark contributions from the UZ penguin" and U\V box" live up at the weak 
stale and get only *raalt QCD corrections. StiU, th« coefficient Ciy comes largely 
from the "electromagnetic penguin," even after its reduction from QCD correc
tions. On the other hand, the "electromagnetic penguin" cannot contribute to 
CtA, and here it is the *Z penguin" which gives the dominant contribution. The 
overall decay rate due to the "direct" CP-violating amplitude can be obtained 
by relating the hadronic matrix elements of the operators Qry Mid QJA to that 
which occurs in Kcz decay. Then wc find that 

B( /0 . - i V e - J & e r t « J X 1 0 ' S (»2»J»I>* lift (" + \C,Afi . (8) 

The last factor, shown in Kig. 10, ranges" between about 0.1 and 1.0. As sjsiaj 
is typically of older 10" 1, the corresponding branching ratio induced by this am
plitude alone [or KL — i r V e ~ is around 10"". Note that when mi Z150 GeV, 
the contribution from CIA overtakes that from Civ, and it is the "Z penguin* 
and UW box," coming from the top quark with small QCD corrections, which 
dominate the decay rale. , 
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Figure 10. The quantity \Givf + \CJAP, "hUi entraa the branching ratio 
fc.' the CP-violating decay Ki -* * ° e + e " , as » function of ntj for AQCD = 
150 MeV, from Ref. 32 . 
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Thus it appeatf at this point thai the throe contributions from (1) CP con
serving, (2) "indirect" CP-violating, and (3) "direct* CP Violating amplitudes 
could all be comparable. The weighting of the different pieces in h't —* tac+e" 
ia entirely different from that in K -* **. The present experimental upper 
limit3'-3* is 4 x IO~B

t with prospects of getting to Die Standard Model level 
of arutind I D - 1 1 in the next several years. Hopefully, the CP conserving and 
"indirect1' CP-violating amplitudes will be pinned down much better by then, 
pern lit ling an experimental measurement of this decay to be interpreted in terms 
of tlit magnitude of the "direct" CP-violating amplitude. 

C P Violation in B Decay 

The possibilities for observation of CP violation in B decays arc much richer 
than for the neutral K system. The situation in even reversed, in that for the B 
system the variety and size of CP-violating asymmetries in decay amplitudes far 
overshadows* that in the mass matrix. 3 6 

• To start with the familiar, however, consider the phenomenon of CP viola
tion in the mass matrix of the neutral B system. 

Hcru, in analogy with the neutral K system, one defines a parameter £g, 
Ii is related to p and fl, the coefficients of the BQ and B°, respectively, in the 
combination which is a mass matrix eigenslalc by 

9 = ' ~LB 
P 1 + t f l ' 

Tin; charge asymmetry in B°B° -* f*/* + A' is given by a ; 

O) 

<T(B°fl° - t+t+ + A') - a(B°B0 - (-(- + X) \pfq\2 - kj/p|3 

<,(&&> - tU++ X) + o(BQB° - t-tr + A') | p / 9 | 2 + fo/jtf 
= lm(r» /Af ] 2 ) ' < I 0 ) 

i + i i r 1 2 /A/ 1 2 p 

where wc define < fl°|l/jB° > = M\% ~ \£\%. The quantity |A/ a 2] is measured in 
B ~ B mixing to he comparable in magnitude to the total width, while 1*12 gets 
contributions only from channel* which are common to both fl° and Ba

1 i.e., 
K-M suppressed decay modes. This causes ihe charge asymmetry for dilcptons 
most likely to be in the ballpark of a few times 10" 3 , and at best 1Q~2, For the 
foreseeable future, it la inaccessible experimentally. 

• Now we turn to where the excitement is: CP violation in decay amplitudes. 

In principle, this can occur whenever there is more than one path, with 
different C-K-M factors, to a common final state. For example, let us consider 
the all-time favorite and paradigm: decay of a neutral B to » CP cigenstate* 
/ , such as TI>K$ or D*I)~. Since there is substantial B° - B° mixing, one can 
consider two decay chains of an initial B° meson: 

B°-B° \ 

B°-BQ S 

The second path differs in its phase because of £f° —*• B° mixing, and because 
the decay of a. & involves the complex conjugate of the K-M factors involved in 
B decay. The strong interactions, being CP invariant give the same phases for 
the two paths. The amplitudes for these decay chain* f m interfere and generate 
nonzero ^symmetrica between T(Ba(t) - • / ) and V(B°(t) -* J). Sjiccifically, 

r(Ii°U) - / ) ~ « ~ r i f I - « n [ A m (J Im (ZpU ( t la) 

and 

V(BQ(t) - / | - e " r ' f l + i i n ( A i » i | l m ( ^ ) ) . ( l ib) 

Here we have neglected any lifetime differr-ncc between the mass matrix eigen-
statcs (thought to be very small), set Am = r«j — mj, the difference of the 
cigenstate masses, and p = A[B —» f)/A(B —* / ) , the ratio of the amplitudes, 
and then used the fact that \p\ — 1 when / is a CP cigcrislate in writing Eo,s. (] 1). 
From this we can form the asymmetry: 

Ac, «,..*.=%g;gg=-.1*. o >- $) m 
Moreover, in the particular case of decay to a CP eigenstate with one combination 
of K-M factors contributing to the decay amplitude, the quantity 

>„.(£,) = „..(,-) 

is given entirely by the C-K-M matrix and is iudrpmdviil vi hadronic acniiti-
tudes, which cancel out in the ratio, p . Remarkably, ihc angles * turn out In 



In* nothing but those of (In- Militarily triangle, as shown in Fig. I I , where the 
; ingles me .abetted by examples oT the neutral H decoys tu C P cigonsUtcs whosr 
asymmetries they novmi . w 

Figure 12 shows I lie polriitial size of the lime drpendehl differences'15' between 
tij and fij decaying 1 0 to the pat tie (CP self-conjugate) final state, ^A'J. The likely 
situation For li„ mixing is shown 4 ' in Fig. 13(c). The oscillations arc so rapid 
lh.il even wit !i a very favorable difference in the time dependence for an initial /|p 
fcr.snt nn initial / ) , , the lime-integrated asymmetry is quite small. Measurement 
of the lime dependence heroines A necessity for CP violation studies in Ibis case. 

Wc can also form asymmetries where the final stale / is not a CP cigcnslate. 
Examples arc Bj — DK compared to Bj -* />*; ttj -» D* compared to fij -* 
/).T: or Hj, ~* I)+K~ compared to B, —t DjK* • There is a decided disadvantage 
here in theoretical interpretation, in that the quantity Imf lp\ is now dependent 
on hadron dynamics. 

In all the above rases, to measure an asymmetry one must know if one starts 
with an initial lia or / i" , i.e., one must "tag." This is one of the main difficulties 
experimentally, as the tagging efficiency is generally fairly low. 3" 

A second path to the some final state could arise in several other ways besides 
through mixing. For example, one could have two cascade decays that end up 
with llu? same final fltn(c, such as: 

and 

Annther possibility is to have spectator and annihilation graphs contribute to 
the same process. Still another is to have spectator and "penguin" diagrams 
interfere.4'1 These routes to obtaining a CP-violftting asymmetry have the advan
tage that they do not require one to know whether one started with a B or Bt 

•'•«., they do not require "tagging." These decay modes arc in fact "self-tagging" 
in (hat the properties of the decay products (through their electric charges or 
flavors) theinwlvps fix the nature of the parent B or B. Their disadvantage, 
which is theoretical, is that they generally bring poorly known hadronic matrix 
elements into the interpretation of an asymmetry, and so the association with 
specific combinations of K-M angles is not clean. 
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Figure 11. The quantity \Cjy\2 + | C T ^ | 1 , which enters the branching ratio 
. . . . . . n j . _ . . • .*• t K for the CP-violatinj decay Kt. 
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Figure 12. The time dependence for the process Bj -*• i}>K\ (dashed curve) 
in comparison to that for Bj ~* ̂ A*J (solid curve) for A m / r s= T / 4 , a value 
consistent with that measured experimentally. 
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Figure 13 . Tile time dependence for the process lia -» p/v? (solid curve) in 
comparison to that for B, - i pA'J (dashed curie) for values of (a) Am/I ' = I, 
(b) A r a / r = 5, and (c) hmjT = 15, from Ref. 4 1 . 



Conclusion 

In ft sense, nfter 25 years wc arc still at Um beginning ol the study of CI' 
violation; most CP-viuIaling phenomena have yel to he explored, even those 
predicted by the Standard Model. The main thrusts in high energy physics are: 

• A* Dcfnya: A strong effort is already underway at BNL, CERN, Fcrmilab, 
and KKK to pursue rare K decays. It includes measurcmenta of t'ft and 
CP-violating effects in H'L —» ir 0 c + e~ and other K decays. With a number 
of groups proposing to gel to sensitivity levels corresponding to the Stan
dard Model, WP are almost guaranteed interesting results over the next few 
years, 

• B Decays: We have seen that there are many manifestations of CP viola
tion to look at in llic 11 system. It appears Ihal one needs of order ID7 B* 
to hegin to sec the large asymmetries that arc predicted by the Standard 
Model in some channels, hut I would be the last to Lell someone pot to 
look for such effects if they had, say, 10 6 U Y Any nonzero asymmetry is 
important, and part of the signature of the Standard Model t§ the flavor 
dependence of the effects, with generally much larger CP-violating asym
metries characteristic of B's than of K V We want to know if this pattern 
is correct. Ultimately, CP violation in the B system is the way to measure 
the C-K-M angles in a redundanV way. However, unlike the situation in 
K decays, we do not have the likelihood of significant results in the next 
few years. The prospects arc longer term, but it seems clear what we must 
do: Learn how to detect B's that art produced at hodrott machine and 
build electron-positron B factories. 
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ABSTRACT 

We rrport on three recent mrasDrcmcifts by the CCFR rnjjflboralion using the 

Fcrruilah T^vatron <|iiad-triplet neutrino beam with neutrino energies up to GOO 

Gi?V. In iis.iiiiplcof G(ifi,000 neutrino and 132,000 antintrulrinnevcuts, 1151 inverse 

11—decay events, vtle"~ ~-» jt~e e, were isolated corresponding to a rate with respect 

to i>„-N rharged current interactions of (0.12.rj ± .009(j/ar) ± ,003(5^-)) x ID"3. 

The data also contain 15'2'2 v(, and 275 V^ inducrd opposite sign dimuon events 

which are due predominantly to charm production at the hadronic vertex. Using 

this sample wc have measured the strange .sea content of the ntlcleon, rjt = 

/< /r (2T 3 (r ) ) / /^ i ( ju( j )+xd(*) ) = .057tS;SiJ,theCabbibo-Kobayashi-M45kawa 

matrix clement, |V fj| s 0.220ioi| , and thr shiw-repealing model charm mass 

paramrlcr, me = 1.3_0'5GeV. Finally, a 'search for neutral heavy lcptons m out 

/ i ~ p + sample excludes such particles with masses up to 18 GeV and anionic 

coupling greater than 1 0 - J with respect to standard Fermi coupling. 

1. INTRODUCTION 

With the advent of the Tcvatron fixed target program, our CCFR. collabo

ration (Columbia, Chicago, Fcrmilab, and Rochester) began a program of high 

statistic studies of neutrino and antineutrino interactions. We report here on 

three measurements front the first of two data runs at the Tcvalron using the 

quadruple triplet neutrino beam (QTB) and the CCFR neutrino detector!" The 

QTB produces both neutrinos and anlineutrinos in the ratio s: 2/1 with energies 

tip to 600 GeV. The data sampk used in this analysis, after fiducial and kinematic 

cuts on the outgoing mum [E^ > 15 GeV and 0h < 150 mrad), included 666,000 

charged current neutrino and 132,000 antincutrhia events. 

2. INVERSE MUON DECAY 

The inverse p-decay process, v^t~ -* ft~ve, offers an elegant test of the weak 

interaction theory! Since this is a purely leptomc interaction, the theoretical 

predictions can he unambiguously tested. In particular, the Lorcntz structure of 

the weak-current can be investigated and, in contrast to studies of muon decay, 

contributions from scaler currents can be piuhcrd. However, the extremely smalt 

cross-section, about 0-1% of Ihe neutrino-nucleoli cross-section, and the relatively 

high threshold [Er > llGcV)makelhostudyof inverse muon decay difficult. Two 

previous experiments have reported observation of this process- We present here 

a new high statistics measurement with neutrino energies up to 600 GeV, 

The differential cross-section for the inverse p-decay can be expressed in terms 

of two parameters, the admixture of the vector and the axial-vector weak current 

(A) and the neutrino polarization (P), as follows: 

£-5H^«i + ™-»« + ( .-n(i + *)) 
where y? =E,,/E*. and s — 2m«E r. Within the standard model with a left-

handed two-component neutrino (P--1-0) and a pure V-A coupling (A = 1.0 

) , the predicted cross-section for » > m j , is <r(vHe" - • tt'ft) = G^-a/* — 

17.2 x 10""£;(GeVJ cm 2 . 

Inverse p-decay (1MD) events are selected by using kinematic variables that 

distinguish these from the much larger sample of j/p-N charged - current (CC) 

events. The distinguishing features are; 1MD events have no associated hadron 
e i K r f iy* EjM/r. the final state rnuor. in an IMD event is kiaematicaRy limited in 

the lab to small outgoing muon angles, 9^ < i/ivie/Ep, or momentum transfers, 

Q* < 2meBt>', and only incident v^s can produce IMD events due to the absence 

of positrons in the target material. 

The dominant background mechanisms, from i>N interactions that produce 

low hadron energy events, are quasi-elastic events, v^n —• fi~p{vrf -+ p + n ) , A 

and N* resonance production, and coherent meson production off the nuclcii-, 

These processes, collectively referred to as quasi-elastic-like processes (QEP), are 



expected to be produced equally by lugS energy v u and Vu. Since Fj, catmtit 

produce IMD events, low liadron energy V,. events provide a measure of the QKP 

background to the IMD signal win1;: corrected for relative flux. 

The I Ml) signal is found by separating the v? and V? events with fyfAD tZ 

J.SCieV into eight visible energy bins between 15 and COO GeV. After a Q 3 < 

.'IdcV"1 cut, the Ff, events, ocaied by "^rrHi flre subtracted to remove any re

maining QI£P background in the vh event sample. Figure 1 shows the Q 3 dislri* 

but ion fur the low-Ey/^p î , and scaled-up Pp events. The v^ event excess below 

Q 2 of .2 GeV2 is the raw IMD signal. 

The corrections, due to the VtUAO < l.SGeV cut, the Q 1 - cut, reconstruc

tion failures and the non-isosraler target, range from 35% for the lowest energy 

bin to 't\% fut the highest, tit addition, events in the luwcsl energy bin must 

be corrected for the EM < 15CIeV cut. Finally, the signal is corrected for the 

threshold effect using a Monte Carlo simulation of IMD events in the detec

tor. The corrected signal, when combined with results from our previous Nar

row Dai id Beam run, yields an asymptotic rate with respect to inclusive CC 

events of: H- (0.125 ± .009(JI<II.) ± .003(sys.)) x 1(T 2. Using the measured1" 

atfiCC) - (O.tfSOi 0.015) x £"„ x lir™ cm*, the absolute asymptotic cioss-

sL-ction for IMD is: *(*>e" - • n~vt) = (17.00 ± \;i'£ ± 0.41) x E¥ x 10"" 

cm 2 . The ratio of measured lo predicted cross-section for IMD is trm(tl lvj,ti. — 

0.9SS±0.D7l(atol.)i 0,023(sya.). Willi the restrictions on neutrino polarization, 

1* < .0975, from studies of *H\ decay, this measurement restricts A > .78 at 

90% CJ,. and implies that the mass uf a possible right-handed boson mediating 

a V+A interaction would have a lower limit of M-\vH > KSAfir,. This results also 

limits scaler couplings lo < 13 of the V-A coupling at 90% C.L. ( | o £ j 2 < 0.52 

using the nutation of Ref. S). (kniipnsilencss of the interacting fermions would 

po^ibly lead to deviations of the IMD crois-secltun from a linear energy depen

dence. A two parameter fit u. o„llA3lpftcA = o + $E* yields a value for & of 

(-1.09 ± 1.1-1) x H r 3 ( G e V - ] ) consistent with zero. 

2. OPPOSITE SIGN DIMUON PHODUCT10N 

Diiiuion production by neuUiuos and anlineutrinos predoininanlly originates 

vM+e~ - p + v . : 1 5 < E K < 6 0 0 GeV 

0 4 Q.6 

Fig. 1. Distribution of Q 2 = / J ^ f l * for events with E/fAU < 1-oGeV. The 

v,, events are shown with solid circles. The p0 events, sealed by the relative 

fj, to Tp AUK, are shown by the solid line. 
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from (hi* production, nir s or d quarks of a eliaim quark al 111*1 lindionic vertex. 

The ruann qnark is assumed lo fragment into charmed hailrons, typically 1) ami 

D* mesons, which thru decay semik'pluiiitnHy. Measurements of the ratr and 

4lUlrUHili<Tu «f tlvt'M- cv<-iits rail l»v ytsird In evaluate the strangeness content, of tin: 

iiurlenn target, the effective charm quark masR in the. s(r/) -* c qunrk transition, 

.Hid llif CaliMl'u - Kobfw.nslii Maskawa matrix clement, \Vti\, The differential 

rross-Kerlinn for v production of Hinrm is given by: 

where d({)[s(0| represents flu* d(s)-quarJs number density within a proton target 

.in-1 I is tlit' slow-reselling iimdifird Hjnrknn scaling variable, jj ~ r + m*/'*Mu. 

(A .simitar equation ifes-ribes P^ production ivitJi .1 —* S and J —* S-) 

A sample of IT!>7 /(~;i 4 evenl* are extracted after Itittirial and kinematic n i l s . 

iv r- flGeV . rt(l < 25llmrad and K//,i/> > *l CJeV. An algorithm in which the 

leading muon is chosen lo lit* the Aligning imtcpii with the maximum IV with 

respect to the hndron shower direction is used to separate tlie dimuon events into 

1522 froin r,,'s and 275 from 1;,,V With this algorithm the contamination from 

till* wrong neutrino species in flu? v,t ( i^) sample in 2%(2IJ9O). 

The x (liMriliiiliniis nf the .lata events are compared with predictions based 

oh tlir above equation in order U> deLrnnine the physics parameters, ij, = 

J(".rs[r)iU)f J<IJ-(TU[X) + j-i/fx)), » i r . and \Vej\. Kir this piedirtion. a Monte 

t'arln r.ilnilat.on is performed whirh allows the rhanii quark to fragment 

into D-mesons that dreny scmileptoiifcaJly to unions with a branching ratio (Bit) 

appropriate for llir produced ch-irm particle mixture. The predictions are sensi

tive to assumptions about: the light lo heavy quark transition where we have used 

(lie "plow repealing" formulation.1" tlie fragmentation model for :hv charmed qnark 

when* tin- lVlerson fragmentation fuiirtinn ha.-* 1-t-cn employed, ami t h e l ^ / D ^ / A r 

production ratio taken from neutrino fliarm production measurements using an 

nntilsiitn f.irgei. , r Figure 2 shows the x-dislrihutiun for i'„ and Fj, induced fi*tl" 

evenis. The individual contrilnitinns from the valence and sea components Carre

's 300 

x~l)islribiilioii uf Neutrino Djniuons 

(«): Vu 

rj t . w 
o o.a 04 o.s 0 8 0 0.1 0.2 0.3 04 0 5 0 0 

Kg Bib 

Fig. 2. The Xrudistnuution Tor a ) ' v and b)r f l induced diuumnn: data (solid 

circles) after background subtraction (from ir/K decay), tlie histogram is the 

charm Monte Carlo predicting The separate s quark, iiratrv„, d, r «, and cross

over contamination arc also shown. 
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spomlhig to MIL- final parameters arc shown as smooth curves along with the v^ 

cmss-ovcr contamination in the T>Jt sample. 

The parameters arc extracted by a simultaneous x2 fit of tlitr Monte Carlo 

prediction to the data. The results are: rft = .K7+JJJl ;gg, UU= lfl9t;SiS-So?, 

and nif = l-S^'it '] where the first error is statistical and the second systematic 

covering uncertainties in the Monte Carlo calculation. With a, QfQ ratio of .153 

from our previous structure function analysis, this value uf tf, corresponds to an 

approximate half SU(J) symmetric strange sea with K = '2sf(u + 5) = A'\t JT-

The matrix clement \Vcd\ can also be extracted from a comparison of the 

observed i'p and Vp x M J data and Monte Carlo distributions. Three quantities, 

representing the contributions of s.d-sca, and d-valence quarks to the dimuon pro

duction cross-section, are extracted assuming the above charm quark mass. This 

procedure yields: B R | V f J | 2 = (0.534 ±0.050+JJJJ) x I 0 " 2 , where the first error is 

statistical and the second is systematic. The latter is calculated by varying n\e and 

the fragmentation parameterization within allowed limits. The branching ratio of 

the i' -produced charmed hadrons can be independently calculated using emul

sion data on neutrino production of charmed particles 'and the muonic branching 

fractions for charmed hadronsj" 1 giving a B R c a / c = 0,109 ± 0.009. These two re

sults Can then be combined to give |V c j | = 0.220ioJg where the error includes 

systematic uncertainties in the BR, m c , and the fragmentation, 

3. SEARCH FOR NEUTRAL HEAVY LEPTONS IN *-N INTERACTIONS 

We have searched for indications of neutral heavy leptons (NHL) in our sample 

of / i~ / j + events. A NHL could he produced from an incident. fM by mixing followed 

by a weak neutral current interact ton. In order to bypass a GIM suppression, the 

NHL would need to be a weak isospht singlet. Such NlIL*s have been proposed 

by various grand unified theories, left-right symmetric models, and models with 

mirror leptnns. 

The production of the NHL is suppressed by the mixing with the standard v^, 

|^,vi.°l< and by a threstiold factor due to the NHL mass. The relative production 

cross section is given by: 

Since the L couples to standard neutrinos thru mixing, it can decay into a pair 

of unions via the charged, or neutral current, L" —* ft" + jt+ + i ' l k , with a predicted 

branching ratio of 7% if the mixing tu muuus dominates. 

The kinematics of NHL-iuduccd dimuons are distinct front events due (u con

ventional liadronic sources such as dimuuns originating from charm or T / K decays. 

These later processes produce asymmetric /i-pairs: one at the leptott vertex and 

the other at lire badron vertex. In contrast, the ft" and /*+ from L° decay occur 

symmetrically at the lepton vertex. We use specialized kinematic cuts to isolate 

the h° events: i) The aziinuthal angle, ^ + _ , bctwmi the p~ and ft* in a phmc 

perpendicular to the beam direction must be less than l'JO*; ii) The transverse 

momentuin, ! '£ , of the / i + wjtlt respect to the beam direction must be larger lliiiu 

1.6 GeV. Figure 3a and 3b show the ^ + _ and I'f distributions respectively fur the 

CCKtt data (solid line) and for a Monte Carlo simulation of a 5 CeV L u (dashed 

hue). As indicated in the figure, no data event survives these cuts. 

The null result of the experiment when combined with Monte Carlo calculated 

efficiencies for different L° masses yields the 90% C.L. limits shown as curve a) 

of Fig, 4, Also shown are our previous limits from past experiments, those 

imposed by the CHARM collaboration,1 and an estimate of the sensitivity fur 

a future monojet search of IU 5 Z° decays using the SLD detector at the SLC. 

Muon/electron universality tests put limits on couplings of the v^ to heavy neu

trinos under certain model dependent assumptions. For example, a comparison " ' 

of nuclear beta decay to nmon decay would restrict U 2 to below .008. With re

spect to this value, our dimuon limits are more stringent in the mass region from 

0.5-10,0 Gev/c 2 , 
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Fig. 4. Upper limits for NHL coupling to v„; U ! vs. L° mass. Curve a) lief. 
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the sensitivity of a- future monojet search of l t ) 5 'I? decays in the SLD detector. 
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First Results from MACRO 

T H E MACRO COLI.AIIOHATIUN' 1 1 

(Presented |)y Spencer Klein) 

Department of Physics 
tioston University 

Boston, MA, 0HSI5 

ABSTRACT 

MACHO (the Monopole Astrophysics Cosmic Hay Observatory) began col

lecting data tins February. It is designed to: study the composition <if high energy 

primary cosmic rays, march for point sources of cosmic rays, find or act limits on 

the cosmic magnetic tnonopote abundance, scotch Tor neutrino bursts associated 

with supemavae, search far point sources of high energy neutrinos, and to study 

neutrino oscillations with atmospheric neutrinos. 

Results from the first three-month run are presented here. I will disruss 

tbroughgoing niuons and give new limits on the magnetic moiiopole flux and tin 

the rate of neutrinu bursts from supernovae. For inonopoles with velocities in 

the range 2.5 x ld~* < 0 < 1.5 x 10" 2 , we find that the flux is lesa than 4 x 

I 0 " l 4 c m - a * c c _ 1 j r - 1 at a 90% confidence level. With the current supennodule, 

MACRO is sensitive to supernovac in the center of the galaxy, a distance of 10 

par£ecs. No supernovac candidates were observed during the run. 

We have just started a new data run with thin supcrniodule, Five more 

supenudutes are now being built and instrumented; they should be complete 

next summer. 

©S. Klein 19&9 



1. Introduction 

MACRO is * largo undergo iind (racking detector located in Hall B of the 

Gran SaJwo National Laboratoij, 3000 feet (3800 m.w.c.) underground. It in 

situated under the Gran Swso, the highest part of the Appcnines, about 100 

miles oast of Home, Italy. 

The dctcclot- is optimized to study through going particles. It has three main 

subsystems: streamer tubes for particle tracking, liquid ncint.ilUtor to measure 

particle time of-flight and dE/dx, and a track etch detector which will be used 

to study any magnetic monopolc candidate*. The detector in being built by a 

collaboration of 15 U.S. and Italian institutions' Because the detector is new, 

I will try to discuss the hardware in some detail. Further details are available 

elsewhere. 

One MACRO supcrmodulc, measuring 12 meters aquare by 5 meters high 

began taking data this February. Results from the initial three-month ran are 

presented here. We collected 245,000 rntion triggers, and present & variety or 

studies of these single and multiple muon events. In addition, wc have one solid 

candidate for an upward going, neutrino induced muon. We also present limits 

on the galactic abundance of GUTs monopotcs and supcrnovae collapw?-

2. Hardware 

MACRO will eventually conist of 12 supennodutea, as shown in Figure 1-

Supcrmodule 1 incomplete and taking data, 2-3 arc mechanically complete, await

ing instrumentation, 1-6 arc under construction, and 7-12 wilt be built in a year 

or two. Each ftupermodule is capable of independent operation, so it will not 

be necessary <o turn off the entire detector for calibrations and maintenance. A 

cross section of one supcrmodulf fc shown in Figure 2. Each supermodulemay be 

thought of as a core of pulverized rock, chosen for its low radioactivity, erteaoed 

in steel containers, into-spenipd with streamer tubes* and surrounded by liquid 

Figure 1. Layout of the MACRO detector. Supermodule 1 is 
operational; 2 and 3 we mechanically complete, and 4-6 are under 
construction. 
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scintillator. Supermodules 1-G also cpnlain &CH~39 and lexan track etch detector 

sandwich. Each su peri nodule is 12 meters square by 5 met era high, so that the 

complete detector will be 72 meters by 12 meters by 9 meters high. 

The core of MACRO consists of a sandwich of streamer tubes stid steel boxes 

containing ground up rock- This core is surrounded by PVC tanks filled with 

liquid scintillator. The scintillator tanks are themselves surrounded by more 

streamer tubes, giving a total of 10 streamer tube planes. 

The strcaiiu-r tubes arc each 3 cm square by (2 meters long, with lttO/mi 

anode wires. The cathodes are graphite coating on plastic package. The present 

gas mixture is Argon, CO^, and n-pentane. In future: runs, helium wilt he added 

to the mixture, to allow for efficient detection of low velocity iiioiiupulra through 

the DrcH effect! Al*o, isobutane may replace the n-pcntatie for some of the 

running. The 5,000 anode wires are read out, along with the calhodr-s, which are 

divided into strips to give a 2G° stereo view. The resolution is I.] cm in the x 

direction, and. 1.2 « n in the D view. The mini mum iwo-Uil separation distance 

ja about 3 cm. With 10 planes of tubes, the angular resolution is about 0.1°. In 

comparison, downward going muon* will multiple scatter by ahmiL 0.Ga as they 

traverse the rock. 

The liquid scintillator is a mixture of ultra pure mineral oil, pseudocuineiie, 

wavelength shifter, and anti oxidants. The purity is necessary tt> maximize the 

attcittuation length; the measured attenuation length is abuuL 1"2 meters. 

The liquid scintillator is held m 12 meter long tanks. Each siipcrmodiite has 

1G tup and 16 bottom tanks, and 7 *>n each side. Those on ihc horizontal layers 

have a 75 cm by 25 cm moss section; those on the vertical walls measure 50 cm 

by 24 cm- The boxes are lined with reflective PEP teflon. At each end of the 

boxes are 20 cm phototubes, one per end in the vertical boxes, and two per end 

in the horizontal. For a typical union passing through the center of the tank, 

the PMXs on each cud currently delect roughly 400 piicrtoek-cIrons. We are now 

improving the optics, and this will be increased by a factor of 3 in siibM'ipu-iit 



runs. The timing ami amplitude wf these pulse* are measured with TDC's ami 

ADC's, lYoni the relative limine;, we determine the position in the tank. Because 

nf the V2 meter ntlciiti.il inn length* we run nlsn determine the rein Live position 

linked on the ratio of I lie amplitudes. By comparing lliese two positions, we can 

eel a check on tho quality of the data. A scatter plot of the positions determined 

by these two modioli? is shown in Figure 3. The resolution of the two methods is 

about 2fi em; most of the error is from the amplitude ratio. These- positions can 

also be rum pared with the position determined from the streamer tube*. This 

will allow it? to reject liils where the data is contaminated with a simultaneous 

radioactive decay. In addition, the tank ends are read out with a 100 MHz, 8 

bit waveform digitizer; (his is used for studying magnetic monopolc candidates, 

slopping nuiuiis, multimiinn events, and candidates for upward going rriuons. 

Tlir detector lifts n variety of triggers, each designed to detect different pro

cesses. Hnlh the streamer lubes ninl .scintillator liavemuon trigger*. The streamer 

tube trigger searches for tracks; Ilie scintillator trigger requires that tanks in two 

different fares be hit within 7 /tsec. A nmon will traverse the detector iit less 

thnii -lt> usee; the wide lime window is to trigger on possible 'fust* monopoles. 

Tor slower monopotes. a special niottopole trigger searches for trains of photo-

elertrons in the scintillator. Another trigger detects neutrino interaction from 

gravilatitmal collapse Tt>y monitoring and recording the rate of single tank bits. 

Tlie event limes ate determined from a rubidium-cesium clock, accuwle to 

I fisr\ It, and the other electronics are read out by a network of /iVAXcs, 

controlled by * VAX S2DU 

l . O - l L_J 1—1 1 1 ' • ' 1 1 1 1—I 1 1 . j . . 

i •• -'i~-W' 
1 . 8 - •10,?' 
•5 .'•A*& 
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Position derived from relative pulse height. 

Figure 3. Scintillator tank position derived from TDC infor
mation versus position derived from ADC information. Both arc 
on a scale which goes from 0 to 1. 
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3. Muon Physics 

Studios or cosmic ray mumm run contribute to a wide variety of pliyuicn top

ics. Downward going unions provide in form at ion about the cosmic ray spectrum. 

Mtions may be detected from point sources.' Multiple muons, when two or mart; 

111 nous from a single interaction arc deLcclcdt provide information about the cos

mic ray primary composition. MAOIIO also has the capability to detect upward 

going muons from neutrino interactions. These can come from point sources, 

ushering in the fietd of neutrino astronomy, or from atmospheric neutr'noa. 'I'he 

atmospheric neutrinos can be studied for evidence of neutrino oscillations. Fi

nally, miions provide a good measurement of detector performance, 

3 .1 . DbTEcroR PERFORMANCE WITH MUONS 

The most obvious check of detector performance with muons ia to measure 

thejr velocity, using the timc-of flight between the two scintillator layers. The 

flight time divided by the path length (1/0) is shown id Figure 4. The velocity 

resolution is 9.3% of c, corresponding to a time tcsolutiou of about 1.7 nsec. 

IL is likely that this will be improved in the future, with improved calibration 

and algorithms. However, the final resolution is less important than the tails, 

since the tails of the distribution can form a background to a search for upward 

going muons. lit MACRO, the measured lime of-flight is Gaussian over 4 orders 

of magnitude. The small remaining tails ire due to events where there is a 

radioactive decay in one of the scintillator tanks during the muon traversal. These 

events can be controlled by careful streamer tube - scintillator matching and by 

study of the waveform digizer output, wr,iich will show the separate decay and 

muot) pulses. 

The overall muon rate is 1 every 40 seconds per supermodule, in agreement 

with predictions from other experiments, as shown in Figure 5. The rates as a 

function of azimutli and zenith angle are shown iu Figure 6. The solid curves 

are predictions based on the rock thickness above the detector and the predicted 



3 4 5 
depth, Km.w.f. 

Figure 5. p rate as a function of depth. 
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niuon energy spectrum. This calculation checks the detector response, rock mod

elling, and tlie muon energy spectrum, since the muon energy needed to reach 

the detector varies with the rock thickness. 

Muous need roughly 1.5 TeV to penetrate to MACRO. A detailed model of 

the mountain above MACRO is used to predict the effective rock thickness, and 

hence minimum muoii energy, as a function of angle incidence. That energy 1.5 

TeV corresponds to a minimum primary energy of 20 TeV, or a center of mass 

energy of 150 GeV, fitting nicely into the theme of this summer school. When 

a 204- TeV proton (or heavier nucleus) hits the atmosphere and interacts, pions 

and kaons are produced. Since the upper atmosphere is thin, many of the pions 

and kaons have time to decay to muons before interacting. There are also a 

few muons from prompt sources, such as semileptonic heavy quark decays and 

Drcll-Yan production. 

In addition to the single muons, MACRO has seen a large number of multiple 

iimun events. A typical six muon event is shown in Figure 7. The multiplicity 

distribution of muons is shown in Figure S, not yet corrected for detector accep

tance. There are about 3% as many di-muons as single muons, with the rate 

decreasing by a factor of 20-40 for each additional muon. Since, for a given en

ergy, a heavier primary cosmic ray nucleus will, on the average, produce a larger 

number of muons!'' it is, in principle, possible to determine the primary com

position by studying the muon multiplicity distribution. With present statistics, 

MACRO can differentiate between the popular models of cosmic ray composition, 

such as.the 'low energy1 model!*' where the cosmic ray composition at high en

ergy matches that at lower energies, and the Maryland model, which predicts a 

heavier composition. However, there are many theoretical uncertainties involved, 

and considerable Monte Carlo work is needed before we present any conclusions 

on this subject. In addition to the muon multiplicity, MACRO has an additional 

tool to study the subject: a surface air shower detector array located on the Gran 

Stoso above MACRO. 

MACRO run 214 evt 1554 
harrHrtg 1 . 2. 3. 4. 6. 7 2 8 - 3-89 13:23:25.61 

front view 

* - • » 

N i. 
> , i. 
\ i 
> j . 
\ . i 
X . i 

v -
N . ~ . i, 

\ - -- ^ 
N - - • i Ik 

* • • . ' •• * 

d-ttrips view m 
Figure 7. An event plot of A multiple ? event. 
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3.2. CORtlEMTIONS WITH EASTOP 

EASTOP is i n extensive air shower array located on the mountain above 

MACRO. It is composed of 22 operating (stations1.'1 each comprising 10 m of 

plastic scintillator. The detector array covers an area of ID5 m 2 . Occause the 

mountain is rugged, the EASTOP collaboration1"1 uses » small number of rela

tively sophisticated detectors, rather than a larger number of simple ones. 

The array is triggered hy a coincidence of at least ,ri-7 stations. This corre

sponds to a threshold of about 200 TeV, ten times the MACRO threshold of 20 

TeV. The shower energy, found from the shower aize and density, is measured to 

better than 200%. The shower direction, found from the relative arrival times 

of the shower front, is found to belter than 2°. Both of these numbers should 

improve as the analyses mature. 

Deling the initial run, MACRO and EASTOP operated in coincidence for 

1107 hours. Crude coincidences were found by requiring triggers to agree within 

6 msec, and the MACRO muon to point back wilhin a 17* by 40° rectangle 

around EASTOP. A total of 347 coincidences were found, with the relative time 

distributions shown in Figure 9. The peak has a width of 90 trace, dominated 

by the uncertainty in the EASTOP clock!'" The accidental coincident rate, lew 

than 3,%, can be further reduced by tighter angle cuts. 

Figure 10 shows the multiplicity distribution for these coincidence events. 

The »v«agc multiplicity is much his>-er than for MACRO only events. This is 

because of the much higher EASTOP trigger threshold, 

The MACRO-EASTOP coincidences can be used to improve our determi

nation of the cosmic ray spectrum as a function of energy. Knowing the muon 

multiplicity u * function of the independently measured shower energy will elim 

inate many of the theoretical uncertainties in the rompcuition analysis. 
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Figure 9. MACRO-EASTOP measured time difference for cor
related events. 
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Figure 10. MACRO measured p bundle multiplicity for MACRO-
EASTOP correlated eventf. The smooth line if the measured mul
tiplicity for all MACRO eventi, normalized to the EASTOP data 
for tingle muoiu. 



3.3. NKUTMNO EVKNTS 

MACIU) can nlsn delect upward going nmons from neutrino interactions in 

the rock bclmv the drLcrlor. One such event is shown in Figure 11. The tmiori 

liils two adjacent sciiiiill' Mr tanks in both the top and renter layers. All of the 

Atljnci'iit tanks have cnnsistrjit limes, mid the particle /? is 0.995. The*? neutrino 

events are uncial for two primary physics goals. 

They ran lie used to search for point sources of neutrinos, to begin the field 

of neutrino aslriiwuiiy. The theoretical prediction* for Fxn.rrt«tti neutrino flux are 

quite uncertain, but, with 6 supcrmodules operating, MACHO expects to see 1-

10 events per year from southern hemisphere sourfes such as Vela X-I f the LMC, 

rlr. The expected background from atmospheric neutrinos is about 400 events 

per year total, or ahotit 1/-10 per square degree, The expected resolution,, limited 

hy the scattering from the neutrino interaction, is about I degree. 

Most of the background to the point source search i» from atmospheric neu

trinos* created in. cosmic ray interactions. These neutrinos can be used to study 

neutrino oscillations, extending the search Tor oscillations to much lower mass 

differences. 

4. Magnet ic Monopolcs 

A primary goal of MACHO is to search for magnetic monopolea. Since GUT 

(grand unified theory) monopolc* arc expected to be extremely heavy, they u e 

not accessible to accelerator experiments, and c»n only besought astrophysically. 

We expect to either find monopoles or to reach the Parlcer bound, the limit 

implied by the galactic magnetic field, MACHO is designed so that any monopole 

candidates will be detected in several independent ways. The streamer tubes, 

scintillator, and track etch arc all sensitive to monopoles of varying velocities. 

The search presented here uses only the scintillator system. 

MACRO 
hard-trig 1 . 2 . 3 . 4 . 6 . 7 . 

run 422 
22-5-89 

evt751 
23:25:28:89 

35 32.2 Front View 

Figure 11. The first upward going muon event. Tt« circles 
represent scintillation counter hits, and the dots are streamer tube 
hits. The numbers are the times in nsec, with an arbitrary offset. 
The particle 0 is 0.995. 
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Presently, wc require monopole candidates to bit two scintillator plants, giv

ing an acceptance of 800 in* sr, A special trigger circuit looks for long light 

pulses in the scintillator. For the slowest monopoles, these pulses will consist of 

individual single nhoLoclcclron pulses. When a trigger is detected, the tanks arc 

read out with 50 Mite waveform digitizers which provide a graphic record of the 

pulse. LED's in the tanks ean mimic fake monopoles; one such calibration pulse 

is shown in Figure 12. 

With the waveform digitizers, we have searched 7.3 x 10* s econd or data, 

looking for pulses with length greater than 200 nsec1 separated by at least 1 /iscc. 

Wc found and hand scanned 2417 triggers. They were rejected on the basis of the 

recorded pulse shape and by requiring a match between the two end* of the tank. 

Roughly one-third of them were electrical breakdowns/ one-third were muons 

with electrical ringing* and one-third were one-sided (pulses visible in only one 

side of the counter). The latter are likely due to radioactive decays iu the I'MT 

itself. No candidates were observed. 

From this, wc Hud that, for velocities 2.5 x 10~ 4 < P < 1.5 x lO^ 3 , the 

monopolc IIUK is less than 4 x l O ^ ' c m - ^ e c ^ s r - ' , at a 90% confidence level. 

Figure 13 compares this limit with other results!'" The mica limit depends on 

the assumption that monopotcs will bind to aluminum nuclei, with the nucleus 

leaving a track in the mica. The scintillator limit is from an experiment at 

Haksau searching for slow particles underground. The velocity limits conic from 

electronics limitations. 

In the future* MACRO will extend this limit to higher and lower velocities, 

and, of course, to lower Jinxes. In addition, the streamer tubes will be integrated 

into the analysis. The ultimate lower velocity limit is a j? of about 10~ 4 , while 

the upper limit be a fi of 1, or close to it. For the higher velocities* a separate 

trigger looks for particles that look like slaw muons. 

A: Top 9 - 1 6 . West End 
B: Top 9 - 1 6 , Eost End 
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Figure 12. A calibration monopole, created with an LED pulse. 
A monopole with a p of s x vr* is being simulated. It takes 1.3 
jisec to pass through the scintillator tank. 
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5. Si ipernovae Search 

MACRO has also searched for bursts of low energy neutrinos, a manifestation 

of A nr-ar)?/ supernova. These neutrinos have average 10 MeV in energy, and, 

when they interact, will deposit this energy in a single scintillator tank. MACRO 

searches for the bursts by monitoring the rate of single tank events. The active 

mass is 42 tons of scintillator. 

MACRO has a two special triggers to search for the low energy, single tank 

interactions. Both measure the times and amplitudes of the scintillator pulses, to 

see if they are compatible with a single energy deposition. For accepted pulses, the 

lank data and the absolute time are stored in a gravitational collapse bulTer. This 

buffer is read periodically by the computer. The major background is radioactive 

decay in the tanks. The energy threshold is about 5 MeV, which gives a trigger 

rate of roughly 1/40 Hz. 

The gravitational collapse analysis covers 1.6 x 10 1 seconds live lime. For 

the analysis, a 10 MeV software cut was imposed, and the number of single tank 

events ill any two second period was counted. The data is shown in Figure M; it-

is consistent with a Poisson distribution, with rm supernova?. The largest iwmhrr 

of detected events is four; a supernova Like SNI987a occurring in tin? center of 

the galaxy would cause an average of eight interactions. 

These statistics allow us to rule out any supemovae at the center of the galaxy 

(or within 10 pMsecs) at a 90% confidence level during the MACRO running 

period. 
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Figure 14. Plot of the number of tanks hit per two second 
interval versus frequency. The data fits a Poisson distribution. 
The expected signal for a supernova in the center of the galaxy is 
shown. 
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6. The Future 

In September, after tuning up the detector, MACRO began a nine-month 

run with one supcrmodulc. Meanwhile, wc arc hard at work building and instru

menting the remaining five supermodulcs. Numbers 2 and 3 are mechanically 

complete, while 4-G are undergoing construction. We expect to have them com

plete a id instrumented next sin inner. In 1990-91, we will begin the six upper 

dock supcrmodules. We plan to continue the same liquid scintillator arrange

ment, with the upper and lower dt-'eks sharing a single layer of scintillator in the 

center. Since the tracking resolution is already limited by multiple scattering, 

wc are exploring alternatives to more rock and streamer tubes. Two of the most 

promising are an iron toroid magnet and a transition radiation detector (Till)), 

The? iron toroids would allow us to measure the union charge (and momentum) 

up to rouglily 50 GeV momentum. Since many of the mtiona from atmospheric 

neutrinos are low momentum, this is useful for studying neutrino oscillations. 

The TRD will allow us to measure the muon momenta over a very wide range. 

1. Conclusions 

MACRO lias just completed a three-moutli engineering run. Much union 

data has been collected; analysis is proceeding. 

We have set a limit on the galactic magnetic monopolc mix. For inononole 

velocities 2 5 x 1U"* < ff < 1.5 x 10"", the monopole flux is less than -I x 

\0~uan~2sec~lsr~x at a 00% confidence level. 

We have also set a limit on the number of supernovae in the galactic center. 

At a 00% confidence level, the superuovac rate is less than 1 per month. 

Data collection continues with the single supermodule. Next summer, we ex

pect to commission five more super modules, and to use them for exciting phyMrs. 
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1. INTRODUCTION 

This talk in meant to briefly and qualitatively summarize the current statu* 

of siiperstring phenomenology, and to mention what I think arc the outstanding 

problems that must be solved before we can hope to gel experimental predictions 

from string Ihnory. The topic of this SLAC Summer Institute is "Physics at the 

100 GcV Mass Scale"", llie region accessible to current accelerators. On the other 

hand, the characteristic mass scale Tor nuperstrings in the Planck mass Mp\ ~ 

10" GcV/r 2 . The Planck stale appear* because strings provide a description of 

quantum gravity, and gravity U characterized by Newton's constant, which has 

mass dimension - 2 : (7jv = rfc/A/ji,. l l will be Useful to keep in mind throughout 

this talk the gap of 17 orders or magnitude in energy, because any predictions from 

snperstrings jyill depend on analysis of effects over the entire range. 

Recent work on super siting;* has concentrated on answering questions in the 

following three areas: 

(1) Fundamqnjjd understanding: Is string theory based on some new physical 

principle, in the srinie way that Yang-Mills theory, far example, is based on local 

gwgo in variance? 

{2) Formalism: Can we extend the calculalional tools that have been developed 

for string theory to include uonpcrlurbativc effects? 

f.'l) Phenomenalogy: Can we hope to make definite predictions of new (and old) 

phenomena at cxperirneiit.tlJy accessible energies? 

I wilt focus on the third area in this Ulk (though I will digress to cover a little 

of the relevant formalism as well). Far below the Planck scale, strings appear to 

be poinllikc. and string theory redures to some effective field theory. At energies 

around 100 GeV this field theory should in turn reduce to approximately the stan

dard model, if string theory is to describe experimental reality, At these energies, 

any prediction- of siring theory are therefore indirect, and can be summarized 

as predictions of the 18 or so input parameters of the standard model (or more 

accurately, explanations of those parameter* that have already been measured), 

plus predictions of possible field tlirory extensions of the standard model and the 

parameters therein. Currently, string prediction* also involve the rather arbitrary 

selection of a candidate string vacuum, or ground state, from a large set of de

generate vacua. Each such d idoe lead* to a different effective field theory, 4nd 

hence to a different model for physics at 100 GcV. Here 1 will describe the set 

of string vacua, and the prospects for obtaining "model independent" predictions 

from string theory, and also (very briefly) summarize a few recent attempts to 

construct specific quasi-real is tic models. 

The three general areas of research arc all related. !n particular, a better fun

damental understanding of string theory should lead to advances in the formalism, 

which should in turn lead to more concrete phcnomcnologica! predictions than at 

present. 

Supetstring" generated much theoretical excitement in Iflftl, when it was real

ized that they had the- potential for unifying all of the known gauge forces together 

with gravity, and for doing so in a practically unique way. Uniqueness is of par-

ticular importance due to the laige discrepancy in energy scales between strings 

and current experiments: Since the signatures of string theory arc so indirect, U 

would be nice if they were quite definite. At present, we still have the same limited 

numbcrof string theories as wf re known hi 11)81: bosonic strings auperstringa^ 

and hetcratic strings. The bosonic and snperslring theories can ronlain either 

closed strings only, or else both closed and open strings; the strings can be cither 

orienlahle (have an arrow along Ihnm specifying a direction) or uon-orient able (no 

such arrow). The hetcrotje string theory is a hybrid of the bosonic and superstriug 

theories and as a consequence it contains only closed, oricntaUe strings. Of these 

theories, only the heterotie string has any phenomcnologica! promise, at least at 

our present fevel of understanding of string theory. A possible' exception to thi* 

statement is the closed+open supcrstring with gauge group 50(32);" this string 

t A very fashionable adjective in siring phenomenology. 



theory has received much less attention than the ticterotic string (due partly to 

a lack of any obvious phcnomcnological promise, and partly to a relative lack of 

open-string formalism), end I too will slight iL here. 

2. VACUUM PHOMFERATION, PARTICLE S P E C T R U M , ANP E F F E C T I V E L A -

CZR A V I A N S 

So we still have in 1989 only one phcnomcnologicaUy viable string theory, the 

heterotic string (with the possible exception of the 50(32) supcrslring). How

ever, there lias been a recent proliferation of string vacuum states, which appear 

Lo he degenerate in energy to all orders in (string) perturbation theory. This 

non-unimieness of the vacuum can play havoc with attempts to extract definite 

prediction* from string theory, so I will spend some lime describing it. 

The vacuum proliferation has come through the realization that for any two-

dimensional (2d) cvnformal field theory (CFT) one can construct a vacuum state 

for classical string theory. I will describe the relation between CFT and string 

vacua in more detail later. For now, we just need to know that, in any particular 

string vacuum state, the full spectrum of elementary particle masses and couplingy 

lire completely specified by the CFT tor ttrdt vacuum. 

Elementary particles in string theory arc identified as the different rotational 

and vibrational cigenmodes of a string as it oscillates around a vacuum state. The 

(mass)' of the particle is proportional to the frequency of vibration, and in the 

fir^t approximation it is an integer multiple of some basic mass parameter At2 of 

order A/pj. A typical spectrum is a I town in figure 1(a). Each of the mass levels 

shown in the figure is highly degenerate. The lowest level is of the most interest tn 

us localise it contains all the massless particles, where "mas:. I ess" means having 

tuiiss much less than J1/]'J. In particular, the massless level should contain all the 

particle* that have been observed to date: the leplons, quarks and gauge bosons 

uf tin* standard model. There must also be a "liyper-liyperliue" splitting of the 

mass degeneracy in Figure 1(a), as shown iu Figure 3(b)v m order lo generate the 

observed particle masses of order M\y. The fligga mechanism is usually invoked 

to explain this splitting* but a major task of airing phenomenology is to explain 

why A/ty is so incredibly small relative to Afp^ t n c latter question in essentially the 

familiar hierarchy problem. The remaining levels in the string spectrum contain 

particles with Planck-scale masses, which won't be produced in accelerators in the 

near future, and so they arc or less direct interest. (If any of the niMsive particles 

are stable, however, they might have survived as relics of the Big Hang.) 

(mass) 

3 M * - . 

fa) 

(mass) 

(3)... 

Figure 1. (a) A typical mans spectrum fur a. fmrlkular string vacuum statu (It) 
An enlarged view of the m^wlf-a wclur, allowing the "hyper-hypefliiie" bplilling. 

The couplings between particles in a given vacuum are found by studying how 

strings scatter. A four-siring scattering process at tree level is shown in Figure 

2(a), and at one loop (the next order in string perturbation theory) in Figure 'A(a), 

For this process to describe the scattering of four massless particles, the four exter

nal strings should be prepared in the corresponding rotational/vibratioiiid stated 

llcmaikably, (here is only one string scattering diagram for a particular process, 

at a given order in perturbation theory. For insLanci?, ilu* tree-level d ig ram in 

Figure 2(a) can be viewed as representing either .•;•, (-, or ci-cbauuel scattering, by 

stretching it either horizontally, vertically, or out of the page. (This priperly of 

String scattering amplitudes is called duality, and is the reason why string theories 



were termed "dual models" parly in their liisLory.) The one diagram summarizes 

the contributions of, m\ infinite number of particles — both massless and massive 

— that can Appear us intermediate states in the scattering and in any of the chan

nels. The individual particle contributions are represented by ordinary field theory 

Fcynman diagrams,, shown schematically jn Figures Z(b) and 3(b). If the external 

states in a string scattering process are masslcss particles, and if the energy of the 

collision is much less than Jl/pj (the usual case experimentally!), then the amplitude 

for the process rail be reproduced using an effective Lvgrangian Cc% wJnr.fi only 

involves t|«< planless fields. For example, to reproduce the amplitudes in Figure 2, 

our needs three-particle couplings of the type shown in Figure 4(a). In addition, an 

mfmiicwrt of nan-rctivrntalizablt ienns (terms in £ejr wHh dimension larger than 

four, whose coefficients contain inverse powers of Mj>\) results from exchanges of 

massive particles (Figure 4(b)). The latter terms arc completely analogous to the 

four-Fermi interaction terms that reproduce the low-energy effects of IF-cxchangc 

in the standard mode). Similar considerations apply to loop- as well as tree-level 

string scattering amplitudes, as represented in Figure 3. 

. « (*) lb} 

Figw* 2 (JE) A four-3trin& scattering prows* a t ( i n kve!. (b) The field the
ory Fcj-nmnn diagrams that represent the contributions of individual particles to the 
amplitude. Thirkfiiir* denote massive particles; alt other Iin«tdrnolttniiiIcMparticI«i. 

£S3-W-M-W-
» • (a> (to) 

FrgnTC 3. \n) A four-Airing scattering process at the oil^loop level, (h) The 
Vryoman d ig ram* ruutrjbijiiiuj io il-

» Kt-
Fignie 4. (a) Three-pin t ide couplings needed to reproduce the totirttttng acat-

teriruj amplitude lit Wee level, (b) Additional nM-itnormalimMe ihterwtiunt tlml arc 
needed, due to exchange! of m w i r e particles in the Airing amplitude. 

To recap, if one chooses a particular string vacuum state (a CFT), then the 

string dynamics are fixed,, and they, can be used to obtain an effective Lagraiigtan 

Ctw f ° r * n e massless particles in that vacuum- The effective Lagrangian describes 

physic* at energies just below the Planck scale, where strings start to appear point-

like, in terms of a conventional field theory (albeit including non-renormalizablc 

terms). To describe physics at the cloctroweak scale, one then "just1* rcnormalizrs 

C*K down to 100 GeV or so. All the non-renormalizable term* in £+K can (in prin

ciple) be "rcnormalizcd" using the loop-corrected string amplitudes, because the 

latter are actually finite in the ultra-violet. The renormalization task is compli

cated by the presence of many light fields and many possible intermediate stages of 

symmetry breaking. Finally one compares C^fa C«v with the Lagrangiarj of the 

standard model, £».».. Usually they won't agree in sufficient detail for d t l t M «eV 

to be considered realistic; in this case one can go back and pick another vacuum 

state, and go through the whole pioccdure again.. J 

Of course, in this construe!ice approach to string phenomenology, the results 

obtained may be highly model-dependent. Thus one should insist that a. model 

give correct "posldiclions" of old phenomena (namely, the host of 5tandard modtfJ 

parameters that have already been measured) before taking seriously its predic

tions of new phenomena. I think H is fair w> say that no model constructed to date 

satisfies (his criterion. It is important to suppteflitat the constructive appioach 

with a model'independent approach, one that tries to determine tin* general low-

energy properties common to oil string vacua, in this way one may be able to test 

string theory rather than just testing specific string vacua. Unfortunately, there 
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h&S been relatively little progress to dale in Urn model-independent Approach. In

terplay between both approaches seems necessary in order to get Die most complete 

understanding of what low-energy physics can be expected from strings. 

3. T u t STIIING VACUUM LANDSCAPE AND VACUUM CLEANING 

It would he nice to have a picture of what the space of string vacua laakx 

like, in particular how different vacua AW rdatcd to each other, in order to help 

understand how one of the vacua might be selected over tlic others (presumably 

by some non-pcrturbativc string dynamics). Unfortunately our current picture 

of the siring vacuum landscape is quite crude, and is only a. local picture. That 

is, we understand the neighborhood of any particular vacuum reasonably well, 

through the effective Lagrangian described above, but wc really have no idea of 

where the other vacua arc in relation to it. The landscape [tear & vacuum state can 

be described roughly by plotting the effective potential v^r(^) for the mass]ess 

scalar fields (particles) <& in that vacuum. (Nate thai Kti^i) is just a piece of the 

effective Lagrangian Ctt{&,()?$§, A^, • - •)-) As an example, suppose there are only 

Iwti masslcss scalar? (usually there are many more)v<jii and ifo, with 

Ktitufa) = *itf* + A 2 A / p , 2 ^ J + higher order terms, 

such that Veg vanishes identically whenever fo = 0. (Sec Figure 5.) Then any 

vacuum expectation value of 0 | minimizes Vt§ and provides a string vacuum state, 

so (<h) parametrizes a line of vacua. Fields like #i arc called moduli, and occur 

frequently in sLring vacua,' ' 

In Figure C I have embedded this example along with some others into what is 

supposed to be a more complete picture of the vacuum landscape. There is a great 

variety among the various vacua: they may feature different gauge groups t different 

numbers of moduli and/or mass]ess fields, even different numbers of space-time 

dimensions. (Well focus on those with four space-time dimensions?) The question 

murks in the figure reflect our almost total lack of knowledge about regions in the 

Fiemcfi. Plot of a simple effective potential, K-if(<*i,->j) -
(A[ + Aa(^]/Ai'pi),)^J + . . . . The line of vacua, parametriied by (4,) and having 
(4a) = 0, is shaded. 

Figure 6. A rough •Itetrh or the string vacuum landscape. The effective potential 
Vtg \M plotted on the vertical axes, as a function of the ma^less fieIJa in a given vacuum. 
The example of Figure S ii in the daahed box. Again the vacua are shaded in. The 
question marks denote icgions Tar from any vacua, which are nut understood at all. 
(Here there be dragons!) 

space that are not very close to any vacua. We don't even have a set of global 

coordinates with which to describe the space, in the neighborhood of the first 

example we may use the fields $\ and ^3, but another vacuum (if uol connected to 



tlie first one) will Imve another .set of mnsslcss lipids, say &•, which bear no nhvious 

relation to the first snl 4>i Similarly the effective Lagrangia.ii describing I lie low-

energy physics of the first vacuum, £ c(r(^i), has no obvious relation to that for the 

other vacuum, €&($,}. The niassivn fields have been omitted fr"in the picture, 

beraust1 including them would make the space infinite-dimensional; nevertheless, 

t iny will certainly play a role in our future understanding of the relation between 

the disconnected vacua, i.e. in filling in the question marks in the figure. 

At present, there are no dynamical criteria for preferring any one vacuum over 

another. All the vacta (to be more precise, all the vacua with unbroken space-time 

supersynuuetry) remain stable vacua to all orders in siring perturbation theory. 

One generally hopes that non-pertuibalive effects will lift tins vacuum degeneracy, 

but wit limit a formalism for calculating such effects, the best one can do at present 

is ID apply pi idiom etiological criteria to do (lie "vacuum cleaning", Ucrc is a 

rather minimi*! set of rrilrria f wliich arc also relatively easy to implement (or at 

least check} in a Riven string vacuum: 

• Fun r-di mansion <il space-lime. 

• N s l spare-lime suprrsymmrlry at the Planck scale. 

• A gauge group containing SU('£) x Sf/(*2) X V{\). 

• Massles.* particles with tin* gauge quantum numbers of the standard model 

(quarks, teutons, c(r,). 

It should In? noted that even these criteria are not completely free of theoretical 

prejudice. Four-rlhiieiisioiia.1 wnare-lime is on a pretty safe fooling, but unbrokt™ 

spare-time superAymnietry at tin; I 'hnrk scale is put in no that it may play a n>ln 

in explaining the naturalness/hierarchy problem or why MwfMpi is so small. 

(Vacua williniit space-time siiprrifynimetry are also diffinilt to analyze because, 

unlike the pupersyiiimelrir ones, tficy arc generally de-stabilizcd by radiative cor

rections.) fctemlvit [N > \) siipursyinrw'Lry is excluded because it forces a non-

rliiral theory, i.e. one wilb no pnrily-violMing gauge inlc-raclions ; it is assumed 

that parity in not spontaneously broken at some tower energy scale. The last 

two criteria assume that the observed gauge bosons and fermtons arc fundamental 

siring flxcltatfon*, rather than, (say) composites of such excitations. There are of 

course many more criteria that could be applied, but they are generally much more 

difficult to implement. For example: 

• No fast proton decay. 

* The correct set of ^uark and tcpton masses. 

And so on. 

4. CowFOHMAh FIELD THEORY AND STRING VACUA 

I would now Hkc to give a brief description of liow two-dimensional (2d) con-

formal field theory (CFT) enters into string theory, and of how one actually im

plements the phcuumcnnlogical criteria just discussed in terms of CFT's. 

A string is a one-dimensional object, so as it moves through space lime it 

sweeps out a,2d suitace, called the world-shttl — analogous to the one-dimensional 

world-line swept out by a point particle. (See Figure 7.) The equations of mution 

^ (a] (b) ..,„. 

Figurr 7. (•) The- *orld-iine swept out by a point particle moving through spnM> 
timr. The pwiljon of the particle mepace-timr is given by A**(r). \b) Thr cylindrical 
•wpilJ-nlitcl »T»epl BUI by a closed string- Thr coordinates ol tlie worW-sWl arc r nnJ 
a; I lie DM itfon in 8p»re-timc of B point on the world-sliwt is givm by X»{v. r). 

for A point particle can be obtained from an action, S\& = J dr{d^fdt), ctui&l to the 
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proper length of llic wucUMini: (piir.vuetrizcd by r ) . Similarly, tlie equations of ino-

lion of the worUI-shoet arc determined by a 'id field theory, S^ = fdrdaCjiir^a), 

where r and a parametrize tlie world-sheet. In tlic simplest, case 5 M i* the area of 

tlie world-sheet, but there arc many other possibilities. The Lagrangian £ 2 d should 

not be confused with the space-Li mi: effective Ka&rangian £tn\ also, the fields in 

llic 2d Held theory arc called world-sheet fields in order to distinguish them from 

the spare-time fields occurring in £ c i . 

When the motion of the slri:-g is quantized, the world-sheet fields become 

uprralore in the '2d quantum field theory and create cigenstates of the string's os

cillations. These states can be identified as particles moving in space-time. Thus 

the full particle spectrum — m particular the m assiesa spectrum — can be de

termined by enumerating the world-sheet fields. (Nate that the space-time fields, 

acting as operators in the quantized effective fit Id theory Ctft, also create particle 

states, but only the masslcss particles, and only in accordance with the spectrum 

found by studying £%&.) U turns out that string interactions arc also fixed uniquely 

by the choice of CIA\ this means that £?j determines not only the particle mass 

spectrum, but also all couplings between particles! 

The simplest exam pies of world-sheet fields are those that represent the position 

of the world-sheet in space-lime: A'^ff.-r), where ft = 0,1,2,3 labels the four 

space-time coordinate and a , r are the two world-sheet coordinates, (See Figure 

7.) 

In an arbitrary 2d field theory, most of the remaining world-sheet fields do 

not liAVi: such a simple geometrical interpretation- However, many string vacua 

can be described as compactificatiow, in which some space-time dimensions are 

taken to have sizes of order the Planck length. In the prototypical example of a 

cAmp&ctificalioii, one dimension A'1 lives on a circle with a radius R of order the 

Planck length, and the rest . V parametrize spare-lime. If tint A'*1 arc represented 

Figure 8. Coinpactificaiinu of a tingle extra coordinate X* uii •tire It with tailius 
It ot oiilcr lite Planck Irtiglh. 'flic four coordinates A'*" of Aliiiki»v»ki ipart . t inic arc 
represented l>y Hie Jang direction of the "drinking straw". 

by a single line, the result is the "drinkirig-alraw1' picture of Figure 8. When 

this compactificatinii \n used as a string vacuum, A'1 (a, r) became* a world-sheet 

Held, just like X"(a>T); it describes the position of the string in the cnmpactilied 

dimension. The moduli that parametrize string vacua also have a geometric in

terpretation in the case of a compactification: They represent. Lhc lengths of the 

internal dimensions, such as the radius H in the above example. 

Not all 2d field theories give rise to Siring vacua. In a vacuum state, strings 

must not be created spontaneously — that is, all tadpole graphs must vanish. This 

non-trivial condition on Lite 2d field theory will he satisfied if it is conf&rmatly 

invariant, ' and has a few other properties to be described shortly. 

1 won't explain exactly why con form at invarianrc is required, hut 1 should at 

least say what It is. The Lagrangian £^j for the 2d field theory depends not only on 

the world-sheet fields A'1*, etc., but aU»on the 2d mclt'icg^g. ('oiiformatinvarjaiLce 

means that £ 2 j is invariant under a local change of scale on the world-sheet which 

preserves angles, 

»„/)(<'. '•)-.««"•"&;,<», r)i (1) 

for example the trans format ion of Figure 9. 

• The cgndiLioD i i gomewhit trm&J in the point-parli<Ie <a« , be<au*e one can adjust the 
particle interaction* Independently of Sm to lliat particles aic tiul created Epoiktaneon&ly. 
In the i tr ing c u e , however, the b tc ta t l iuru ore Already filed once ."ijj i i ipedfied-



«n unfit 

Figure i). Exninl'lc ^r A ccnrormsl transformation: ft local thatigc of ncalr on the 
siirriiff (tint preserves nnglrs. 

In fact, 2<l field theories with (1) as a classical symmetry generally develop a 

so-called rnnjornmi anomaly under the transformation at the quantum level. The 

details a\ this anomaly arc itol particularly important here. We just need to know 

that: 

(a) The anomaly is characterized by a single real number c, which is additive 

in the arnse that if a CFT consists of two non-interacting pieces, say £jd = 

4 y + 4 j , ti.cn c=c<"+<;<j». 
(fc) There is t contribution of c = - 2 6 from the metric <jrt(j for the bosonie 

string, which must be cancelled by a rontrihulion of c = +26 from world-

sheet fields oilier than the metric (A'*, . . . ) ; for the super string c — —15 must 

be cancelled by e = +15. 

(e) A single world-sheet field of 'he type X*(O,T) contributes an anomaly e = 1, 

so if space-lime is £> dimensional (p = 0,1,2, . . . ,£> — l) the D fields will 

contribute c = D. 

The "critical dimension" Dt = 26 for the bosonir string is obtained by assuming 

thai there arc no world-sheet fields other than X* (not counting the metric). 

For the supcistring the critical dimension is De = 10. (It is 10 rather than 15 

because each X M field has to be accompanied by a world shee' supcrparlncr $* 

wliich con tributes an additional c ~ \). Four-dimensional (super)string vacua are 

constructed using only four fields X* that represent space-time coordinates (plus 

V'*1 iii the super case), but also using extra "inlrriiaP fields —- like X* — in such 

a way that the total anomaly from fields other than the metric continues to have 

the correct value, either c = 26 or c = 15. 

The most important world-sheet fields in & CFT, which also have the simplest 

behavior, arc those that move in oidy one direction on the string, cither to the left 

or to the right; thus they depend only on aL = r — <r •• iinly on o> = r + a, and 

are called ItJUmoving fields or right-moving fields, respectively. The 2d Lorcnlz 

properties of any world-sheet field can be summarized by its seating or tonjormal 

dimension, which generally will get anomalous contributions at the quantum level, 

and whicb can be split into left-and right-moving parts, denoted h and ft (A, A > 0). 

The left-moving fields all have h > 0, h = 0, white the right-moving fields have 

ft = 0, A > 0. 

In any confoimal field theory, the energy-momentum tensor 7 ^ provides an 

important pair of left- and right-moving fields. While T0$ is present in any field 

theory, in a CFT it is Ir&ccless, 7 J = 0, which allows it to be split into the leEt-

and right-moving components 

T l o t ) with (ArA) = (2,0), 

T V * ) with (n,A) = (0,2). 

The short-diitance behavior of Tap also determines the conformal anomaly e, be

cause Taff generates conformal transformations, in addition to its usual role as gen

erator of rigid translations of the world-sheet. Any CBT with an energy-momentum 

tensor T+M giving rise to c = 26 provides a vacuum for the bosonic string {at the 

classical level). 

A superstring vacuum has a few more restrictionpon it — the 2d CFT must be 

supersymmetrtc as well. In this case the energy-momentum tensor T„$ will have a 

fermionie superpartner [Tp)a§t which can also be split into left- and right-moving 
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pieces: 
7>K) mth{*,D = (|.0), 

TH",) with (A.A) = <<>,§)• 
Any such ^uperconfornial field theory with con formal anomaly c = IS provides & 
classical supcrslriug vacuum. 

The heterotic string is constructed by combining the left-moving world-sheet 

fields of l!ie bosonic string with the right-moving fields of the luperslring; hence 

it requires the presence of 7\ T and Tp but not necessarily Tp. The left- and 

right-moving conform al anomalies arc now different from each other — c s 26 

acid c = 15 respectively. In fact, a very large number of such supciconformal field 

theories are now known to exist. This embarrassment of riches is precisely Me 

(httcrotie) string vacuum degeneracy problem. 

5. PlIENOMENOLOGlCAL CONSTRAINTS 

So far t have discussed the constraints on the CPT that came just From con

sistency of (super) si ring propagation. Now I would like lo focus on the helcrotic 

string, and impose some of the additional "phciiomenologicaF constraints dis

cussed above, in the hopes of reducing the vacuum degeneracy problem somewhat. 

Many of these constraints require the presence (or aSscnce) of particular world-

sheet fields, often the relatively simple purely left-moving (or purely right-moving) 

fields. 

* Four-dimensional space-time is implemented by requiring the lv/odimeti-

sioual Lagraiigiau to have the form 

cu = r0(.v,v.*) + cM„,Av,), (2) 

where 

6.<.V,•,'.") = ^JdadTlOaX"ifXll + F0 - -iVfiWy}. (3) 

The fields . V describing the string's position in space-lime [ft — 0,1,2,3), and 

tlieir world-sheet super partners ^ t are free (non-interacting) fields due tp Eq. (3); 

i'1* is a right-moving field, and X* can be iplit into Itfl- and right-moving pieces, 

do^X* and d^ffX*. The remaining "internal" fields <?* ^° n o t interact with X* 

and \}f. In the case where £jd represents a compact ideation, they are the degrees 

of freedom associated with the (six) compact!fied dimensions: A"',^',— TJie 

eon formal anomalies associated with jCa(XM,^' i) are c = A and c = 6; hence 

4.icmd must I'™1 

Cuitiul - 26 - 4 = 22, q„ u , t t f cj = 1 5 - 6 = 0. 

Additional constraints will now be imposed on £ [ B i e i M | . The easiest const paints 

lo iiiiplcment have to do with the connection between masslcss particles (specifi

cally, gravilinos, gauge bosons, quarks and leptons) and certain world-sheet fields 

having {htH) = ( 1 , | ) under the energy-momentum tensor for C2d- The contribu

tions to (A,E) coming from £,mlet.*i depend on the space-time Lorcntz properties 

of the particles in question; they lead to the following restrictions on £,uiclmdi' 

• Spacc-tlmt JUpersymmetry requires several additional right-movhigficlds; 

in particular, the right-moving component ol the energy-momentum tensor 

T has a. second supcrparlner 1 p in addition lo Tp: 

fF(a.) wil l (*.*) = ( 0 , | ) . 

This means the internal OFT possesses an citi-nttcd {N — 2) world-sheet 
. 16,17 

supersymmetry. 

• Not too much space-time super-symmetry (which would destroy chiral-

ity) requires the absence of all right-moving fields with (A, ft) = (0, J). 

• A gauge group containing 5(7(3) x SV(2) x U(l) requires left-moving 

fields, one for car!i £duge boson: 

J*(ot) with (A,ft)= (1,0), 

where a labels the generators of the gaugL- group. (Set: e.g. Kef. III.) The 

properties of the J* are completely specified by the choice of gauge group. 



•nil change ' ', al least some of the nutter content (usually including the quarks 

and leptons) re main a the same ' ; and Hiinc of the Yukawa coupling? among the 

mail IT fields even lUy constant. Thin iiiseusitivity nukes it difficult to tunc low-

energy predictions by continuous adjustments of the moduli, which I view as an 

encouraging result. 

0. Si'Kcitic CONSTRUCTIONS 

I would now like to make a few remarks about specific constructions of models. 

There art: several different kinds of constructions, which overlap somewhat, (differ

ent constructions can give rise lo the same vacua) , and which I will make net attempt 

lo describe here. They go under the names: Calabj-Yau compact!(teatiDm, orb-

ifold* (symmetric ' and asymmetric }, free fermions, free bosons (or covarianL 

are certainly at least thousands of models contained in these categories. Only a 

relative few have bc.m analyzed in much detail. The more promising ones have 

certain features in common beyond the minimal criteria I mentioned previously: 

• Three generations of light fermions. Four generations have been considered; 

tine has then to prevent extra colored members of each generation from lurk

ing at the 100 CcV scale (otherwise the SU(3), cuuplitig constant will fail 

to he asymptotically free and will blow up before the unification scale ). 

However, I lie very recent* measurements at SLC and LEP of the width 

of the Za ni>w seem to rule out fuur generations with light neutrinos. 

• Spare-limeGupcrsytmiietry is broken by IIOH pcrluibaiive effects in a "hidden 

sector". (It is generally believed that supersymmclry will not be broken per-

liirbalively if it is present at Iree-level.) The hidden sector generally consists 

of a strongiy-inLeraclitig gauge theory with some gauginos A but no other 

charged matter fields, plus some gauge singlet matter fields. The supersyMi

nn* try breaking is supposed ID he triggered by a condensate of the gauginos, 

• iliglilly pobLdating thl* I J k , in fhtl! 

(XX) * +* 10 GcV. The particles in the hidden sector interact with observ

able particles only through gravitational-strength interactions, and so the 

scale of silpe'symmetry breaking in the observable sector is reduced by a 

factor of Afp,2, to ~ AfW • The masses of the siipcrpartners of the quarks anil 

Icptons then fall in the usual range £ 1 TeV or so. 

• There arc no mailer fields transforming under higher-dimensional represen

tations of StJ{&) (thai is, only singlets and triplets are present) or or SU['i) 

(only singlets and doublets arc present). This is a quite generic feature; it is 

true fur any vacuum in which ksu[i) — *si/(2) — •-

• There are also usually no light "exotic" [SU[2) singlet) quarks, but for a 

different, reason: They can cause fast proton decay if they are lighter than 

** 1 0 , s GeV, unless certain Yukawa couplings, happen lo vanish. 

• Tliere are often a few additional SU('l) doufrtels and singlets around at TeV 

energies. 

• The gauge group that acts on the observable particles is not necessarily uni

fied anywhere below M\>\\ typical gauge groups are 517(3)3 (found in a partic

ular Calabi-Yan/SV = 2 tensor product construction ' ' ),SUQ)xSU{'!)*, 

V(l)M (found in various orbifold constructions' ),or (dipped) SU{5) x, V{\) 

(found in certain femjiunic constructions ). Usually the gauge group is 

supposed to break spontaneously at a high "intermediate" mass scale A!/ ~ 

I D , 3 ± 2 GcV, leaving at TeV energies only the standard model gauge group 

5 0 ( 3 ) x SV(2)x U{ I), plus perhaps one exLra tf( 1) factor (a 'A' gauge bo»ou). 



i.r. the structure constants / , and of certain positive integers kt (one for 

each noil-aheliait factor in the Range group) which show tip in the BIIOTI-

dislance behavior of the J". The k* arc iiupnrtant in determining which 

representations of the gauge group can appear in the spectrum, and in the 

relation between different ginger couplings (see hclnw). 

• Massfaas quarks and Icptons require world-sheet fields •1(^1,0'*) that 

arc not purely left- or right-moving (they have [hjl) == (I, | ) ) . (See e.g. 

lief. JO.) They lime specific charges under the fields J 4(<J t), corresponding 

to their gauge quantum numbers, but otherwise they arc not terribly well 

specified. 

And then there arc the criteria that are miirli harder to implement, such as 

no fast proton decay and reasonable quark mid lepton masses. Both these 

quantities are related to err tain CFT correlation functions (Gi*,**), but they arc 

also very sensitive to oilier possible field*, to radiative corrections, and to various 

»lage<) of symmetry breaking below Afpj, 50 in practice H in difficult to evaluate 

litem for a sperifir model, let alone to implement them as general conditions. 

Now t|mt wo have imposed some constraints on the CFT\ we would like to see if 

the general properties or the allowed CFT*s can in turn impose restrictions on the 

possible space timr rdTrrlive ],ngrangtans. Unfortunately, not much progress has 

been made in Ibis direction, at least for Vlie hrtcmlic string. A primitive example 

am*) r-~H'i ( 4 ) 

9SV{2) V ^V[i) 

Here 951 ; | 3 ) , fisvu) B r o * n c S,-"">B •""id weak gauge roupling constants, and Aft/m, 

fr.<i)(3) aie the integers associated with the worMshrel fields J* that were men

tioned above. In a given string vacuum, each fr, takes on oiur specific value, but 

1 For ihr cltfwiJ su|ii-r»lrinn, on llir nlhrr hand, PDF ran shn •• IhAl Ibrrc arr BO CFT> satisfy
ing the rmiihiiinl ennuitaints HUmm-d above (ttintijcTi CFT's mist flatisfyinft thr individual 
foiinltftinl*) This* rtil«i out aTMa-wal VACUJIOF (he rinsed lurif-rittHngfm phrnamrnal-oflrcal 
*i'onnil«. 

that value can (in principle) be any positive integer. It is instructive to compare 

this prediction with that for the grand unified theory based on SOlU) (tit any 

gauge group containing SU(5) and with the same embedding of SU(%) * ,W(2)): 

« = l. (5) 
9S(f{7) 

The siting theory prediction: (4) is clearly much Irsji definite than the GUT pre

diction (5). On the other hand, in the effective Lagrt tigians for many string vacua 

the standard model gauge group is not embedded itilo a simple Me group (such as 

5U(5), 50(10) or Eg); under these circumstances a generic field theory wnnht.givc 

no gAUge coupling prediction at all! In fact, almost all of the attempts to date to 

build phcnomenologieal string models have involved choosing Avrj/^ = ^svili — *t 

in which case one recovers the usual GUT predirlion. There air, however, nu argil* 

mentsexcluding Jt > 1 on phenomcnological or other grounds (provided * is not too 

large); indeed, explicit models featuring Jt - 2 have recently been constructed. 

Hoth Eqs. (4) and (5) are tree-level relations that will get loop corrections. In 

particular they will change significantly under rcuoriiializatinn from A/pj (AfcuT) 

down lo M\v% and the change will depend on the masses or particles carrying 
13 

517(3) and SU(2) quantum numbers below Mn (Mntrr)- This change introduces 

further model dependence into the string prediction, beyond the choice of ^.WJIJ 

and t5£f(jjr but this kind of dependence is common to OUT's as well. 

The model dependence of even the primitive string prediction (4) raises the 

more general question of. the sensitivity of models to both Hwtrtt and continuous 

modifications. In Figure 6, discrete modifications jump the vacuum from one 

"known" patch to another, whereas continuous modiftcations Involve changing the 

vacuum expectation values of moduli and slide the vacuum along the troughs in a 

given patch. In general, models are very sensitive to discrete modifications: The 

gauge group and matter content — even thp number of generations — can change 

drastically. On theotherhand, models are actually rather insensitive to continuous 

modifications. For example, tree-level relations like (1) between gauge couplings do 



7- PROSPECTS 

I will conclude by rum meriting on two of tli-f major obstacles to extracting 

predictions ham siring theory. The first occurs in the analysis of any specific model 

-• it is the question of how non-pcrturb&Uve efforts could lead to the broking of 

spare-Uinr supersymmelTy, As I mentioned earlier, there arc often many fields (the 

moduli) whose potentials in Kit are flat, i.e. their vacuum expectation values are 

undetermined Lo a/1 orders in string perturbation theory. Some of the moduli can 

receive corrections to their potential from noli pcfiurbativc effects, in particular 

from interactions with Uio hidden sector gaugino condensate mentioned above, but 

perhaps also from other mm-perLnrbative effects that have ycl to be identified. 

In many casrs the gaugino-indticctl corrections to the potential* cause vacuum 

expectation values for the moduli to run away to infinity! Thus we need to know: 

What is the full corrected potential? Docs it have a stable minimum? If a minimum 

exists, is *tiper/symmetry broken there? Finally, exactly how is the supeniymmcUy 

breaking manifested ui the observable sector? There is a general understanding of 

the last question in stipergraviLy (in terms of so-called "soft-breaking terms''), but 

the details can be sensitive tn Tnodel-dependenl parameters in Ctf ^such as non-

renorrtiMtzablc kinetic-energy terms for observable fields* r/c.). The details can 

in turn be very important in determining many low-energy quantities, including 

Hit- masses of supcrpailuer* but also the observed quark and leplon masses; the 

latter masses are sensitive to the pattern of supcrsymmclry breaking in models 

where there are additional scales of gauge symmetry breaking between M\V and 

A more fundamental obstacle to obtaining predictions from string theory is the 

issue ol how one vacuum state is dynamically preferred nver another. This issue 

ran not even be addressed until one has a formalism that can simultaneously de

scribe two disromu'f led vacua, like two of the "islands" depicted in Figure 6. Until 

such a formalism is developed, the two ways one might hope to make phctiomcno-

logiral progress are: (1) to "get lucky" in finding "the right" vacuum, which would 

predict all the standard model parameters correctly; or (2) by trying to determine 

the general properties common lo all the vacua, in the hopes of deciding whether 

any of them can lead to realistic physics at the 100 GcV scale. Clearly there is 

still a lot or theoretical work to be done before we know whether siipcralTingi are 

a. theory of everything or A theory of nothing-
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# Recent Results from TRISTAN 
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; i Tl it thicc TRISTAN cxperiiiiciilifAMV.TOrAZ.VENUS) acemmi 
,i Uted a data snmpk- of alitml 30 jifc - 1 cadi in the energy range; 50.-

, $ S l . l G G V : Ucecnt results from these experiments are presented. T h e 
;<i It-ratio valuci were faunJ somewhat holier than the five-flavor prcdic-
'ft tlot> above 5& GeV. Mcaimcd cioss seckiens fur lenlona anil forwuril-
'= backward uyinnifrtiies fm .quirk* suit leptuiis *JC tuiis'islciil with the 
• standard model prediction*. No new p.irtirli^ wtm observed anil ntur 

h mass limits wcic sot. 
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1 Introduction 

The TRISTAN ling has l-mi providing beams without any serious Iron bin 
sinrr the- first mlHsinti n« nmpprd in fig-1. Aflrr the installation uf Super
conductive RF cavities, (hr CM nm-gy rose up In CI.4 GeV, 

AMY, TOPAZ mul VENUS have searched for various new particles which 
nic predicted both by the slnmlard theory nitd by theories beyond it mid 
quickly checked Hit* standard theory using a data sample of about 30;J&" ! 

rnrh in the energy region between 50 And CI -4 GcV. This paper reports 
theuc result^ results from SHII* cnu be found in ref.l). In the future, nil three 
groups will precisely incnsure tlio rlcctrowenk and the QCD parameters and 
IJV to find MItnil deviation ftom the standard theory with high luminosity. 

2 Search for New Flavors (t and bf) 

2 4 Total Hndruuic Cross Section 

Tlit* R-ratin defined to br the ratio of the total hndroiiic cross section In the 
(r/i cross section calculated in the. lowest order QED. If quark musses nre 
negligible. HIP R enn ho fnetorized as follows, 

" ' E O J I I + COCDKI+CE;,,.) 

whrrc Qq is n <rchii-k charge a ml Cqcv *»nd Cetr nre QCD and cfeelrowenk 
coirectioiiB, respectively. 

If a new flnvnr threshold is crossed, the R-ratio is expected to jump up by 
15(0.5) ft>r Full open top((»') production. Tl i i . intreivse. enables HS to detect 
the new threshold. Experimentally the R-ratio Ir* derived from the number 
of observed mulii-hnchniiir rvciils( W^, ) using the following formula, 

fl - **<*' ~ **** 

where /V ( t is the number rif background events, e is detection efficiency, 6 
is the radiative correction, / Lilt is integrated luminosity, mtd O'Q'EO i S ^ ' i e 

fifi cross section calculated in the lowest order QED. To gel N<*,.* TOPAZ 
selected niiiUi-lindTimic events by tc<pming the following crilcnn[2|. (1) The 

7 400 

id 

\ i i t t i , r t i i i * \ i i < i ' n - r n -r ft • 
68 CeV TOPAZ 

APR OCT APR OCT APR 
19B7 1BBD 19B0 

Figure 1 Intcginlcil lism-nraity per i[ny with TOPAZ detector. 
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number or good trucks was greater thnn 4. (2) The tolul visible energy 
wns greater Hum the bemn energy. (3) The longitudinal momentum balance 
wns less thnu 0.4. (4) The number of large energy clusters wus less thnn 
2(Ult(iblm rejection). (5) The invariant mass of each hemisphere was greater 
than 2 t ^ c V ^ r rejection). The criteria used by other groups are sirni]ar[3|> 
N%„ ia a few percent mainly from r events. *{1 4- S) is nearly equal to 1, 
which means IhnL the efficiency is about 100% in the fiducial volume. 

The radiative correction fuctnr was calculated using the BKJ program! 4) 
ikt PEP and PETRA. At TRISTAN, the FS progrun)|5] was used. The FS 
includes all the clcctrowcak diagrams up to c*\ The difference between the 
FS and the BKJ is less thai) 1% at P E P and PETRA. It is, however, 3% at 
GO GeV(fig.2-fr). The radiative correction factor in the FS depends on Mz, 
Muiaat a , , d Mt*p> Mz dependence is tess than 1%. As for Afw,-M, dependence, 
the deviation is very small in the wide mass range. For a M)Pr of less than 
100 GeV, the deviation is also small, though & very high Mt0f may increase 
the R-ratio by about 1%. The origins of systematic errors summarized in 
table 1. The total systematic error is 4-5%' 

Finally, the obtained R values are plotted in fig.3. Data from AMY, 
TOPAZ and VENUS are combined. The solid line is the prediction from t i n 
five-flavor, which was calculated with a Z° masa of 91 GeV. Clearly open top 
is ruled out. But the data points are somewhat higher than the five-flavor 
prediction. The R-ratio alone can not exclude b* possibility. In the next 
section, shape analyses arc described as more sensitive methods for heavy 
flavor search. 

Systematic Errors [%] TOPAZ AMY VENUS 
Luminosity 4.0 3.3 2,6 

Radiative Correction 1.5 1.3 2.1 

Acceptance 1.0 1.3 1.8 

Event Selection 2.3 1.7 1.7 

Total 5 5 4,2 4.2 

Tabic 1 Systematic errors fur R-ratio. 

U lOfr 1M M6 

[d> u H M . a*p ' 
}" -azx 

.1 ^ ^ ^ r r r - ' 1" 
-azx 
.1 ^ ^ ^ r r r - ' ""I 

t 0 « 
-Oft 

bD IQO 5001000 
« , « , . (C«V) 

Figure 2 (a) The full clcctrowcak radiative correction as a function of 
CM energy. Tiic DKJ correction is also shown by a dashed curve. (b^c,d) 
The dependence of the correction factor on Mz, M f o p and A/;r, f l J,n in the FS 
program. 

. Vt - »1 OaV 
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s-n-
b' 

• : TRISTAN b* I ri> b* 
-H-

50 52 & M 57.5 110 
Vs (CeV) 

Figure 3 Measured R-ratio. The solid line represents five-flavor predic-
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2.2 Shape Analysis 
Two modes must be considered fnr b' deeny, charged current (CC) mode 
mid flavor changing neutral ctirrenl(FCNC) mode, because V to eff decay 
mny be suppressed by the two-generation gnp[6|. The CC decay mny result 
in nn isolated lepton ovent(fig.4-a) l which is n. clean signal of a new flavor 
production. So previous V sciu-cheii have been carried out assuming this 
mode[7.,S|. However, the FCNC dceny(figL4-b) produces no isolated lcplons. 
The CC decay mode lends Lo spherical ami/or isolated Icpton events. The 
FCNC decay mode is, on the other hand, characterized by the back to back 
planar fbiir jel events near threshold nnd the events with high energy isolated 
photons, hceniisc of two-body decny of each b'. The FCNC to CC ratio is 
unknown. Wc should be prepared for any rulio. 

2 2 . 1 C C Decay M o d e 

TOPAZ used nplnnnrity lo penich for new flavor production. This value is 
calculated from the minimum eigenvalue of the momentum tensor[9]. By 
selecting high nplonnrily events, we enn condense henvy flavor events. Figure 
5 shows np Wari ly distributions at 52 end CO GcV. The data points arc 
consistent with the five-flavor Monte Carlo at both CM energies. Figure G 
represents the production cross section «f high aplatiDTity events as afunctton 
of CM energy. The solid line in the figure is five-flavor prediction. The dashed 
lines are for open Lop or 6' productions. The data, points ore consistent wi'.h 
the five-flavor Monte Carlo. AMV and VENUS used other shape parameters 
mid observed no excess, 

TOPAZ analyzed isolated union cvenls|10j. The muon tracks were identi
fied by muon chambers. They started from their hadronic sample and further 
required: (1) The muon truck had to have a momentum greater than 2 GeV. 
(2) An energy flow less than 2 GeV(isolat:on criteria), where the energy flow 
was defined lo the sum r>f track momenta nnd energy deposit* in the electro
magnetic calorimeter within the cone of a 30° half angle about the muon 
Irnek. (3) Thrust had to be lew: than 0.9. One event survived these cuts. 
Since they expected a background of 1,43 events from the five-flavor Monte 
Catlo, their data were consistent with the background. Figure 7 shows the 
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number of expected events from open (op or b' production*. The horizontal 
line in the figuic represents thrr "0^% CI*, limit. Mt nnd MV should bcgrcidcrr 
llinii 29.0 w\d 2&.-1 CcV, respectively. 

VENUS minJyzc<l isolated rmion find elect rem events. Muon and electron 
trucks- were ii]i>jil>Jtctt by union chamber* rind the E / P method, respectively. 
Their analysis is similar to that of TOPAZ- They observed no event* in the 
low cncigy region. However, five events were left ht CO and GD.B GcV, through 
their expected background wtti only 1.0 cvciitl 11). AMY and TOPAZ did not 
strongly support the VENUS observation nt 60 mid C0.8 GeV, Three groups 
did not observe nrry excr-fs of wnlntcd lepton event* ftt Ibr highest energy, 
61-4 GeV. Thestntislicnl significance of the VENUS observation diminished. 

2-2.2 F C N C Decny M o d e for b' 

IF the CC decay is suppressed by two-generation gnp, the FCNC dec&y mode 
is dominant. TOPAZ studied such case by two nicthods|l2], Method one 
is t o search for isolated photon from b' lo 67 dcctiy. The isolated, photom 
were defined by (!) high energy photons (tf.O GcV< Ey <22.0 GeV}, (2)smrJ[ 
charged truck activity nrottnd the pltoto*»s(£',/i(< 45") < J GeV), (3) large jet 
acliviiy m Uieside wnys. Method two is to look Fur the buck to buck jet pairs 
in four-jet events from W to bg decay. Such events were selected by requiring 

(1) four-jet classification fiwu the JADE cluster method (13|{V n, = 0 4 ) and 
(2) the bnek-to-bnekness of opposite jet axes. The numbers of observed 
events were coi»ifitr»L with the five-flavor predictions in both methods. Then 
mass limits for {>' qunrk were obtained as functions of brandling ra(ios(rig.S). 
Independently of brnnt-Jiing fraction.? h* tighter than 28 GeV wns excluded. 
AMY and VENUS curried out similar analyses iind observed no exccsajH). 

1.0 

0.9 (' BCCLWDED 

a 0.4 

TOPAZ 
FrtUmlnuT 

nr 
1 (o) 

Brtk ' - rb In RHC) 
- OK 
«IOSt 
- BOX 
« 100% 

M,. (GeV/e^ 

3 
XI 
r 0.4 t 

o.t 

• 1 7 — — r i • • • ' • 

- ECCLUDKD 
/ 
/ / ( b ) . 

/ / 
. J / 

/ / ' 
- 1 f 

1 / 
1 / 

" B F { F « K ) - 100* 

"BHrCHC) - WW 

•two. 
Pr*umlAU7 1 I 

1 , 1. 

BrtrCHC) - OX 

. . 1 . . . . . — 

M v (GeV/o1) 
30 

Figure 8 M a « Jimits for b' qimtk for vtuinus launching rntio. 



3 Test of Standard Model 

3.1 Electroweak Theory 
The differential ctasa section of luploii pair production ift given by Die fol-

^ = ~[B(,l + <*»>$) + Bc'n,9\;P = 1, J ̂  e, 
ail 4 a 

1 S 
* l O j i ' i i ^ c u ' d L 5 - Af| + i A f 7 r z 

where Qi is leptan charge, « And v are #xift] vector and vector coupling 
constants, respectively. The uurm allied total cross section tin ** equal to R. 
The Standard model(15] predicts a small vector coupling constant u/ = 0 .1 . 
Then the second term j/i tlje foruiuJa II is swatic-L than the tliird term. The 
deviation of Jin from one Uftnuall, about 7% At TRISTAN. Forward-backward 
asymmetry k An, is calculated by tliu formula, 

A ° F ~ aB 3 B 

In the standard mode), the second term in the D expression is sjimll, So An 
is sensitive to axial vector coupling constants, a ( ai . Asymmetry is large ai 
about -0.4 at TFUSTAN. Figuru 9 shows observed J l^ , and It„. Data from 
AMY, TOPAZ anJ VENUS ore combined. Snlirl line is tile prediction of the 
standard model using the the bust fit values of Mzy sin^d^. The filling pro
cedure will be described in the next suction. The data points ate consistent 
with the standard model in both figures, through li^ IB somewhat lower 
than the s tandard model prediction. The errors urc dominated by statistical 
ones. Mote integrated luminosity is needed lo confirm this observation. Fig
ure 10 shows forwwd-backwnrd usyininctiiui, A^ and A,t. Again, the data 
liuinia ore consistent with the standard model predict* m, The axiai vector 
colliding constants were derived from these asymmetry data to be 
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at = - 0 9 1 3 ±0.072. 
These \friucs are consistent with ~\. Inclusinn of TRISTAN dntn. moves at 

closer to the standard model valuc(fig.ll)- Assuming the lepton universality 
(o„ =̂  ar), wc ohLnin 

! n , = -0-08O±O.O41. 
In fig. 11. ai value* we shown for lv/u different AfV cases. If hfz is fixed 
by 5LC and LEI' ex per imp i its, the axial vector coupling constant will be 
l»rcc«cly measured at high luminmily TIllS'fAN. 

JIJ the quark sector, the differential cross section in represented by the 
following formula, 

The quark sector needs a color factor and a QCD correction. The normalized 
total crofts section can be fatloracfl at the formula in previous section. The 
QCl> correction factor has been calculated up to 0{a 3)flG|. It is about 5% 
at TRISTAN. The clecfcroweak term is larger than the Icplon case, about 
0.35 and 0,15 al GO GcV for dowji type and up type quarks, respectively. 
In the forward-backward for quaxk$(d, t), the QCD correction cancels and 
13 given hy the same formula, as in the leptori case. Figure 12 is the R 
plot including low energy data[l7,lS]. The large effect of dectroweak term* 
can be clearly seen at TRISTAN. We tried a global fit of thes- data lo HIP 
standard modcl|l7,l9j. FTCJS parameters were Afr, 3in7ffw, and AJJJ which 
ii » QCO parameter, Itoct data were 7?„, /?<r, and An at TRISTAN and 
PEP/PETRA. Tlte r«uJes of the fit are the following, 

««**„ = 0.224+SSi 

The obtained Af^ is somewhat lower than world average 91-9 GeV(20j. A 
contour plot is given in fig. 13. The solid lines arc I* and 2o- contours. If 
<7r is u « d , the relation between Mz and $in78w is given by the following 
formula, 

Af1 ™ 
2 ~* y/2GF{l + A ^ s i n ' f l ^ c o i 7 ^ 

file:///friucs
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where Ar i.i n mtlinlivt; rmiectinn fncUir mid depend* on Mtc? ntut Mmlft* 
TI*T* c/Trct of hffhtgt ii smnM. Tl»! il( 'cd lines in Fig. 13 IUP for Af|op equnl 
In 36, 150, nu<l 2'lfl CViV. The r*c~ tlntn favor ft 1ir;avy top mans. 

The furwsird hmlnvnrd nnyimnetry for down type quruk is rtiiniiiiiiiti in 
the TRISTAN eneifiy rffii'm, AMY iitrnsmcil h-quark forward bntkwMil 
nsj-mnn;tiy[2l|. Thrir muilyzed <[r\tft pmnpfc txuiospmiihi to n\i intrgrntcd 
luminosity of tS.fl pfr' t\t CM energies between 52 itttcl 57 GcV. b-quntU 
events WPIC selected ttam (lie hwhotiic events by !r/|ijiri»/{ Hie following cri-
thrift. {1} The »»>ii)r»hifi) »f imjim wna grcntcr than 1.9 GcV. (2) The J>i 
of nnmn iviw gienipr ihnii W.7 GcV, wlietc j», is llic Urmsvctse timineotmu 
«r iiiuQii with respect to llie r.vciit thrust nxis. Sixty events sut Sifted thaw 
ciilwirL The hnckgr minds wcic esthnnLrri to 1m about 30% and 20%, respec
tively, rising the LUND 6.3 Mnnlc Carlo BiiiiiilMiim(22]. Figure M n in the 
icsultnnl diffrreiit jnl eross sertmit nftcr Iwwhgrmmd subtraction. Data points 
arc consistent wttfi the slniidnrd mwlej prediction. From the fit of the data 
rtt fig.M-n, the nsynrrneljy fliid the e/o.w scd'mn were obtained to be 

VU*= -0.72 ±0 .2H± 0,13, 

fl*« -11.57 ± 0.10 ±U.10 

wliirh were not f"ir<W«) for the Bn$Q jmxijjg. To compare v<itli c lhw 
(Jfiin!?.'Lj. the uyinnielry value is plotted in fig.H-b. Tlir data are toiiftittuiL 
w'tiU ihr slnmianl inndrl prediction. The correethm factor for (lie D°D° 
mixing is G-5C%|24]t whivh depends on the, naramn'ersof B^B%,B°B°t mixing 
.ind spiiii-fpnifnitr branching iMit* or 11 niefon* nml K baryons. In nn> ra«r, 
it will 1»P possible la mrnvmi' the &°fi° mixing living pinm* nicasmemenis ai 
(lie fiilurr high lmiiiiinstty TftlST.\N. 

Tin' ('-lagging by lepuws if rlran bill only nl llje cost of Irrtf p •̂pnts. In 

cnntrrtM to AMY's Appuiarli. VENUS t<wk siaiisiiml rnriil rather than tleari-

liiip^s .ind iitrii^jU'il jt-l-jri ii\Miinirtiy [2n>\. 'HIP JPI jrt a^ymmelry is givrn 

n-hnr / , i.c tire fuifiiim «f ihe Jrlnliv-c production rule of qumVci*. Ajrt is 
uliont 10% ftt TTHSTAN. To ilrtctiiiine jet charge, nil the tracks were divided 
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in to two jets by the j>lane p<T|Kji diet, tar to the thrust axis. Tlie charge of 
each jet was identified by a charge measure, 

If Qjut is greater than QJdti, the charges of jet I and jcl2 nrc positive mid 
ncgativi, respectively. The charge identification probabilities by this method 
were 75% mid 71% fur up-type and down-type quark*, respectively, from 
studies using the LUND 5-3 Monte Cnrlo|2Cj, The integrated luminosity of 
tlie used data sample is 32.2 pb"1 accumulated between 52 aud 61.4 GeV. 
Tin; averaged center of mass energies is 57,G GeV. All the hadronic events 
with a thrust greater than 0.85 were used. The differential cross sect foil is 
shown is fig J 5, As & result of fit, average quark asymmetry is 

A,tl = 0.U4 ± 0.022 ± 0.02!. 

The standard model prediction at 57-C CleV is 8.7%, where no corrections 
were made for the effect of the D°BQ mixing- If the D°Ba mixing ts con
sidered, the asymmetry value ranges from 9.4% to 10.0% depending on the 
mixing parameters. 

3 . 2 S e a l oh f o r S u b s t r u c t u r e o f F e r m i o n s 

If leptous and quarks arc composite, their constituents is expected to be 
bound by a strong force. Since the compositeness scale, A, is very much higher 
than the CM energies we can cover, the binding force can be represented as a 
helicity conserving contact interaction [27], 

LrJJ *= ^ l ^ i ^ 7 ^ 0 £ ^ L 7 y ^ i + 9 n r t ^ i 7 ^ ^ « ^ 7 M 0 r t + 2V/r£0H7p^fl^t7''V , £l 

where A i" Jefincd such that $ 3 / 4 T = 1 iind the largest |iy| = 1 The 
coefficients i) are i/ij, = ±1 and ijnn = JfPt — " f°T left-handed currc-jitf-LL), 
Him = ±1 &'»<' i j / l L - j]tit = 0 f«f right-hn(idcd(RR), ijnn = « t t = 'Int = ± ! 

(w vcctoi(VV) and ijnn - ' I I I = ->lnL = ±1 for axial vcclor(AA). The 
differential cross section now includes the Ltjf effect as, 

. i 

-0.5 0 
COS0 

0.5 

Figure IS Differential cross section for qq production hy VENUS. 
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«-ix+>*<;+x 
In tUc low energy rrgwm, the interference term is the dominant source of 

deviations frmn the standard model, 

The dUTcccnlini crass snclia-m for various c*c~ -* / / processes were exam
ined. AR mi example, fij;.lG shows nuni inline J /IJJ different in] cross sections 
for VftiioMS typrs of coupling. The data points nrn consistent with t . AnguW 
distribution:! were <r<msislciit will* the standard tncidcl. Lcploita and quarks 
senm point-like ht our Allergies. Tabic 2 GUiiuiiarizrs new lower Ilmitn of the 
compos!tenoss scale parameters at 96% C L . 

3.3 Measurements oT a, or AJJJTJ 

TJK* QCD pnrnnjcter « , or A j ^ hns been measured by three method*, (1) 
derivation From the total hadronic cross scciion(scc the previous section). 
This method is insensitive to fragmentation models. It is, however, also 
insensitive to AJT^. (2) Tlircojct Fraction(/? 3)arr given by 

Wrmt 
where £1^, is the minimum scaled invariant mass for par tan pairs belonging 

to different jcts|2S], Experimentally, thrcc-jct events are usually selected 
by the JADE cluster method. If CM energy is 1-fgh enough and j / „ , is large 
enough, ymin is equal to y^i and C,, Ca are almost independent of CM energy 
and selection cuts. Then if the /? 3 decrease* -ivith CM energy, it means the 
stt iff running. (3) The a*vi»mri>y of ener^-CMrrgy correlation^ AEEC) is 
a powerful inelhod Ui measure ft ,(291- F^pfriinpnUlIy, EEC is given by the 
following formula, 

>*3 - j J t t L = d ^ j f t , + C a (v„. ' . )o! 

EEC{*] =KZt^ ^ ^ l ^ * { x " X i> ) 
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e'e"—•-e'e 
LL 

| I*V| 
RR 

|HV) 
VV 

IHVI 
A A 1 I t V 

A' A- A- A- A' A- A- A-
VENUS 1.2 2.9 l . l 2.8 2.5 5.9 2.3 1.7 

TOPAZ 1.1 1.0 1.2 1.0 2.7 25 2.3 1.4 

AMY 1.3 1.3 1 3 1.3 1.8 4.0 3.9 0.7 

e e—•• jin 
VDNUS 1.6 1.8 1.6 1.8 2.8 3.1 2.4 2.8 

TOPAZ 1.5 1.6 1.4 1.5 3.3 2.4 2.0 3.8 

AMY 1.9 1.0 1.9 1.0 3.1 2.6 3.0 1.9 

e'e—*TV 
VENUS 1.(3 1.3 1.6 1.3 3.5 2.2 1.8 3.3 

TOPAZ 0.9 2.2 0.9 2.1 1.6 7.2 2.1 16 

e'e—*qq 
VENUS 0.9 1.8 1.5 2.5 3.9 2.4 3.4 55 

Tabic 2 The 95% C.L. lower limits for couipositcncss scale pr-ramclers. 

where t nnd j run over ull the particle combinations in the event nnd \ t J is 
the ftngle between i*lh tmd ^'-tli particles. The two-jet like events peak lit 0 
mid IT in (lie EEC distribution. For the AEEC defined by 

AISBC(x) = EEC(x - y) - EEC(x) 

the coUi»cnr effect is Ihrgcly canceled. The AEEC enhances the effect 
of hhrd gluun emission mill is good measure of a,. TO PA 2 determined 
n , by comparing their A EEC tlnta with Monte Carlo simulations using the 
nmtrix elements calcuJaied by GvlLthalk and SJtatz[30j jind the LUND string 
fr!*gmufilation|22). The: obtained / i j(y c v i = DOS) and n, valuta were 

= 0.105 ± O.OIQ af 53.3 G e l ' (TOPAZ); 

= 0.181 ±0.010 flf50.5Cef (TO/M-Z); 

= 0.198 ± 0.011 af 57.3GtV (VENVS) 

oiicl 

at = 0.135 ± 0.W& at 554 GcV (/lA/K); 

= 0.120 ± 0.007 ± 0,010 at 55.3 CeV (TOJMZJi 

= 0.120 ± O.fiOS i 0.010 a/ 59.5 GeK (TOPAZ); 

= 0.122± 0,(1(16 ±0,024 at 57$GeV(VENUS). 

Figures 17 ami 18 shows the R3 values and at from AEEC together with low 

energy diita|3l v32|. The daU points in both figures are consistent with the 

running a , predicted by the QCD theory. 

4 Search for New Particles 

Various new particles were searched fur at TftlSTAN. Signatures of heavy 
lepton, heavy neutrino, and SUSV particle productions nre jcopUitar Icfttons 
Or jcLa or isolated feiilnns|33 l3'l). Excited leptom were searched in the lly 
or tf77 channc)s|35). Any pnrlide with nhiiurnml dEfUx and seatar(X) nnd 
vcctor(Z') bosons were 5eiirrh«:d[3G,37|. We cnnrmL cover all of them. In 
what follows, only livo examples uf these seaifhts nre ilcsciiba). 
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Otic first cxnmplc is Iwravy l«*plnn searches. Such leptons can he produced 
ill pair and decay in to / / £ . The nculr'mo carries nwny a large momentum 
lending to acnplfinar jct-jci or fop ton-jet cvcfiU. AMY, TOPAZ ami VENUS 
searched for such events. The data from all these groups were consistent 
with th& five-flavor prediction, resulting in new mass limits. Figure 19 shows 
the excluded region by AMY" at the 95% C.L. The mass limit in the upper 
tiiangle from the analysis of low ;? tracks for the stable heavy tepton cut -

Out second example is searches for pnrtitlcs with abnormal rf£/rfx(38|. 
Such search is sensitive ta any new charged stable pnrticlcs. Figure 20-a plots 
dE/dx as a function or momentum for track* observed in the TOPA&TPC 
The bands for e,n,7T,fc,p, and deuleton are clearly awn. TOPAZ searched 
for pair productions of such particles. For the selected back to back trticVs, 
dB/dx is plotted in fig.20^b. No events were observed in the two search 
regions. Limits were « l on tlio production cross sections. The 95% C.L. 
limits were shown in fig.2l for various charge nnd spin hypotheses. 

All the other searches ended up with negative results nnd, as a result, 
updated mass Iimits( tabic 3). 

5 Search for Single Photon Events 
The single photon events are used for neutrino counting ami pjiotino starch. 
The main backgrounds are from radiative BliaMiJ and 77 emits. To re-
jcct these backgrounds a small veto angle and hermetic calorimeters are 
essential. Having good hermetic calorimeter^ VENUS searched fur sirigfe 
photon events|3&]- The integrated luminosity of their data sample ia 25.2 
pb~l collected in the energy range 1/3 = 64. - 61.4 GeV, Figure 22 plots the 
normalized transverse momenta(JT( = Pt/P^rn) of single photons for a large 
veto and a small veto angle. The data points are consistent with the QET5 
Monte Carlo. No events weie observed in the region greater than the kine-
matical limit. The limits on the number of light neutrino type are obtained 
from calculated yield- The number limit is 11 at the 90% C.L. Combining 
with the ASP, CELLO, MAC and MARK-J datal40) VENUS obtained an 
upper limit of 3.9 for Hie number of light neutrino types at the 90% C.L. 
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Heavy Lcplems and Nculrinus 

tleivy UPIOU iMv cQ > M.9 CeV 
II«vji fJeuiriiw dine lypc ?20HO«V 
Elecirmi Type lleivy Neuitiiw V + A 

V.A 
>5l .3(JcVorcl35( lBV 
*4! .5CeVor<l7 .3 0 tV 

(Second Gciiriuioii ) c-v decay 
.-27.0CteVm< J.ZOeV 
>2711 GsV m < 7.SOcV 

lowed Lcpmi F(5>=1 > l t U O t V w < I.SOcV 

SUSY Panicles 
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> 3J J OcV 
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Table 3 Tlie 05% C.L. mass limit? Tor wnrclicd new pnrtirlps. 
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G Conclusion 

Each of AMY, TOPAfl mid VENUS nt-eimtuluted dutu ctiircBjicnxliiig t» 30 
pb~* in Hie energy rungr ,/* = 5U. - GlAGcV. Tlie incasiucd R values wcie 
somewhat higher limn fivu-llavtir picdiction. Huwcvcr, top and 6' piuilurliniis 
were excluded the shnpe anulysea HAS timing ttic CC mid (.lie FCNC decny 
unities. Tlie ctoaa sections and ilic furwaid backwmd charge Asymmetries 
fur quarks mid leplous were consistent willi 11 IU HLnndard model piedictinns. 
The QCD parameter « , was mensuicd nn<l wns consistent with tlic miming 
coupling constant predicted by l|iv QCD theory. Vurioua new particles weie 
searched, b«t no excess wns observed. 
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M e a s u r e m e n t s of t h e Z B o s o n R e s o n a n c e P a r a m e t e r s a t S I C * 

Christopher HearLy 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 0-1304 

For Die Mark II Collaboration 

1. I n t r o d u c t i o n 

This paper presents the measurement by the Mark II experiment at the SLAC 

Linear Collider of the parameters of the Z boson resonance. The results are up

dated from those presented at the SLAC Summer Institute to include all data 

presented in the most recent Mark II publication, consisting of 19 nb~' of data at 

ten different center-of-masj energies between 89.2 and 93.0 GcV. 

The resonance parameters are extracted by measuring the Z production cross 

section at a series of ccntcr-of-mass energies (scan points) near the Z peak, then 

fitting the?* data with the theoretical cross section. The four major aspects of 

the analysis arc the determination at each scan point of (1) the centvr-of-mass 

energy (E), (2) the integrated luminosity, (3) the number of Z decays and (4) the 

expected cross section as a function of the resonance parameters, such as mass and 

width. I will discuss each of these steps in turn, after a brief description of the 

Mark II detector, then conclude with the results of the analysis. 

* TJiifl work was supported in p u t by the Director, Office of Energy Research, Office of High 
Energy and Nuclear Physics, Division of High Energy Physics of the U. S. Department of 
Energy under Contract Numbers nE-AC03-7<JSF0009S and D£-AC037flSFuQ515. 
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2. T h e M a r k II D e t e c t o r 

The Miiifc 11 detector (Fig. 1) is described in detail in Ref. 2. The main 

components used to detect Z decays arc the drift chamber and the electromagnetic 

calorimeters. The drift chamber, which has 72 layers arid is located in a 4.75 kgauss 

axial magnetic field, tracks charged particles with |eo$0| < 0,92, where 0 is the 

angle with respect to ihe beam line. The electromagnetic calorimeters cover the 

region \ cos 0| < U.9G. The calorimeters in the central region (| cos 0( < 0.68) consist 

of alternating layers of liquid Argon and lead, while the endenp calorimeters are 

layers of lend interspaced with proportional tube counters. 

There arc two detectors for the small-angle Bhabha, events {e + «~ —» e + e~) 

used to measure the integrated luminosity (Fig. 2). The small-angle monitors 

(SAMs) cover the anguW region 50 < B < 16D inr, where the acceptance at the 

inner (50 rrvr) edge in defined, by a tungsten mask. Each SAM is 14.3 radiation 

lengths thick and consists of a tracking section with nine layers of drift tubes and 

a sampling calorimeter with six layer each of lead and proportional tubes (Fig. 3). 

The tracking aections have been used to determine the positional resolution of the 

calorimeter sections, but are not used to select events. The calorimeter section* 

arc used to mcasnrc both the energy and position of the electron. The mtnj-smal!-

angle monitors (MiniSAMs) detect Dtiabha events in the angular region 15.2 < 

0 < 25.0 mr at one end of the detector and 1C.2 < 0 < 24.5 mr at the other. 

These angular regions, which are defined by tungsten masks^ arc asymmetric so 

as to substantially reduce the sensitivity of the Bhabha cross section to small 

movements in the interaction point (H*). Each Mini SAM is a 15 radiation length 

thick tungsten scintillator sandwich divided into four azimuthal quadrants. 

There are two major triggers for Z decays. The charged particle trigger re

quires two or more drift chamber (racks with transverse momentum greater than 

150 MeV/c at | coafl] < 0.75. The calorimeter trigger requires a single shower of 

at least 3.3 GeV jji ihc barrel calorimeter or 2.2 GeV in the endcaj> calorimeter-

The efficiencies for hadronic events are 97% and 95%, respectively, for these two 

MARK 11 AT SLC 

MUD" Chambers 

Hadron Abtorbar 

Muon C h i m t v a 
Sotanqid Co'l 

Tuba Elaclromagnaiic 
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Small Angl» 
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Silicon Strip 
Vttltx Dttmetor 

D'ilt Chamber 
Vartax Oaltctor 
Ctnlral Drill 
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Electromagnetic 
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Figure 1. The Mark II detector. 
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Figure 2. Locations of the SAM and MiniSAM. The relative luminosity is deter

mined using the MiniSAM, while the absolute luminosity is found with the SAM. 
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Figure 3. The small angle monitor. Bhabha events in the angular region 50 < 0 < 

160 mr are used tn the integrated luminosity measurement. 

triggers; together, the efficiency is 99.8%. Addition triggers record random beam 

crossings ar.J cosmic rays for diagnostic purposes and low-angle Bhabha events for 

the luminosity measurement- At least C GeV of energy in each SAM cv 20 GeV in 

each MiniSAM is acquired to trigger the data acquisition system. 

3. Measurement of the Ccuter-of-Mass Energy 

The absolute center-of-inasa energy [E) is measured on every pulse using an 

energy spectrometer in the extraction line of each beam. The conceptual design of 

the extraction line is shown in Fig. 4. Dipole magnets before and after a precision 

spectrometer magnet bend the beam perpendicular to its direction, causing it to 

emit two swaths of synchrotron radiation. Phosphorescent screen monitors (Fig. 5) 

measure the distance between these swaths (approximately 27 cm) and hence the 

angle through which the beam was bent in the spectrometer magnet. This angle, 

which is proportional to / Bdl/E^MM, is used with the known magnet strength to 

extract the beam energy £b« , m with an uncertainty of 20 MeV. The contributions 

to the uncertainty are listed in Table I. There is an additional contribution to the 

uncertainty in E (but not in £be*m) due to momentum dispersion at the IP, giving 

a total uncertainty in E of 35 MeV. The center-of-mass energy spread, which is 

typically 250 MeV, is derived from the thickness of the synchrotron stripe to an 

uncertainty of approximately 30% of its value. 

Table I. Systematic errors in the beam energy measurement. 

Source of Error 
1 

Size of Errur 

Mapping of the spectrometer field 5 MeV 

Rotational errors in dipole alignment 16 MeV 

Determination of stripe position 10 MeV 

Survey errors 5 MeV 

Total Uncertainty 20 MeV 
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Figure 5. Phosphorescent screen monitor. 

4 . Integrated Luminosi ty Measurement 

A typical Bhabha event in the SAM in &Uqwn in Fig. 6. niiAbha events are 

selected by requiring 40% of the beam energy in each SAM. There is essentially 

no background lo these events. The position of -lie denning mask at 50 tnr is 

not known accurately enough to permit the cross section for these "inclusive* 

events to lie precisely calculate]. Instead, the cross section i* derived by selling 

to a subset or events that fnll into a fiducial volume that does have an accurately 

calculable acceptance. These ^precise" Bhahha events are those in which 05 < 0 < 

160 mr for bolh e + and t~ showers, plus, with a weight of 0.5, events in which one 

ihower has G5 < 8 < 160 mr and the other has 60 < 0 < 0-5 mr. The weighting 

reduces the effects of misalignments anil detector resolution. The theoretically 

expected cross section for events lo be observed in the "precijMT angular region is 

25.2-(9i . i /£(GeV)) 2 no. This includes a —\$% correction from llir nominal cross 

section for this region due to reconstruction inefficiency and a + 1.6% correction due 

to detector resolution. (Events at ff < 60 mr can be reconstructed as 0 > 60 mr.) 

We estimate a 2% systematic error from these detector effects and a 2% error from 

higher order radiative corrections, for a total systematic error of 2.8%. ML'" Allying 

this cross icction by 815/181 —the ratio of "precise" lo ^inclusive" Hliabhasin the 

entire data sample — gives a cross section for events to be observed as "inclusive" 

Bhabhu u\aS - 42.6-(Hl.l /£(GcV)) 2 nb, with a 2.9% statistical error due to the 

sealing error. A realignment of the 50 mr mask after the fir.it seven scan points 

decreased <T$ by 1 ±2%. This factor is included in all of the followingcalculatiuns-

Bhabha events in the MintSAM are selected by requiring that a pair of quad

rants of each side of the IP contain at least 25 GcV more deposited energy than 

the other pair of quadrants on that side. The pairs with significant energy must be 

diagonally opposite. In addition, all quadrants with greater than 18 GeV deposited 

energy must have timing information consistent with particles coming from the IP 

rather than striking the back of the detector 14 ns earlier. The efficiency (/*/) 

depends on background conditions that can vary from scan point to sran point. 

http://fir.it


Figure C. A Bliabha event in the small angle monitor. 

It U measured for each scan point by combining random beam crossings at that 

energy with Monte Carlo Uhablia events and ranges from 3 1 % to > 99%. Events 

in which I be high energy pairs are not diagonally opposite are used to estimate 

the number of beam-related background events to be subtracted. The subtraction, 

which is 0.4% overall, ranges from 0% to 3.5% of the data at each scan point and is 

always less than tlie statistical error. The uncertainty in the number subtracted is 

taken to be the larger of 1 % of the events at that scan point or *he number itself. 

We cannot directly calculate the expected ctast section for Mini3AM Bhabhas due 

to sensitivity to higher order radiative correciio/is and slight misalignments of the 

defining masks. Instead, we find it by scaling the number of events after back

ground subtraction and efficiency correction to the number of "inclusive" SAM 

events. For the first seven scan points, tr/j = 227 • (9l.l/£(GeV))7 nb, while for 

subsequent data, ohi = 234 • ( 9 1 . 1 / £ ( G e V ) ) ;

 n b . In both cases, the statistical 

error due to the scaling factor is 4.5%. Because au is substantially larger than 

&S, the MiniSAM dominates the measurement of relative luminosity between scan 

points, while llie SAM determines the absolute luminosity, 

5. Selection of Z Decay Events 

We select hadronic decays of the '£ and a subset of the h-ptciuic divaya based 

on charged tracks reconstructed by the drift chamber and showers found by the 

calorimeters. Charged tracks are m i n i m i to emerge with UittirAerM* iiiuimriiiniu 

greater than 110 Mev/c from within 1 cm oF the beandiiie arid \ o n -A ihi- in

teraction point. T I I B calorimeter showers are rciim*-^ to have at leaM. \ (!eV in 

energy. The efficiencies of the selection criteria outlined below are measured by 

Monte Carlo ( M C ) simulation- Beam-related backgrounds are included in I |H; de

tector simulation by combining data from random beam erussirrgH tvich the M C 

datu. They arc found to have l itt le effect on this analysis 

An example of a hadronic event h given in Fig- 7. Candidate* for liadrunic 

decays are required to have at least three charged tracks and at feast 0 .05 f of 

energy visible in each of the forward and backward hemispheres. The cut on visibly 

energy is designed to suppress beam gas and two-plmlon exchange interactions, 

which tend to deposit energy in only one hemisphere. A M C iiniuUtion indicate* 

that we expect 0.02 events in our data from two-photon exchange interact ions. The 

number of beam-gas interactions that satisfy these cuts is expected to be < 0.2 

at the 90% confidence level ( C L ) , since no events are found emerging from the 

bcamline with 3 < \z\ < 50 em. The efficiency for Z hadronic decaya to satisfy 

these selection requirements (including trigger}, m tk = 0.353 ± 0.006, Differences 

between Q C D M C models account for the largest component of tlic uncertainty. 

We also include in our fiducial sample p and r pairs with |cosflr{ < 0.65, 

where 0T is the thrust angle. We use this angular region to ensure high trigger and 

identification efficiency. Electron pairs are not included because of the intcrferciicc 

from t»channel Bhabha events. Events arc required to have at least 0.1 E of visible 

energy, giving an efficiency of 09 ± 1 % for muon events and 'JG ± 1 % for tau events. 
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(a) 

Figure 7. (a) A typical hadronic 7, decay viewed along lite bcamline. (bj Detected 

energy of Hi*- event plotted as a function of phi and cosfl. 
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THAI events with JCOSATI > 0-65 that *aiUFy the h&dtomc selection criteria arc 

rejected by a handscan. 

Table II gives for each scan point the me^n energy of the TlhahEia events as niea-

sured by the energy spectrometer, the number or SAM "inclusive" {n$) and Min* 

iSAM (njif) Bhabha events, tju, the integrated tun iosity t the r.umber of hadronic 

and leplonic 7$ decays passing the selection criteria, and IT™. The measured cross 

sections <?™ are for the production of hadronic events and muon and tau pairs with 

|cos0rl < 0.65, The average CT£ generated by the energy upread of the beams 

and by the pu1sc-to-pulse jittrr and drifts of the beam eiictgirs v*ric& from 0.22 to 

0.29 GeV. The cross sections contain corrections for this energy spread that vary 

from +3% near the peak to - 3 % in the tails. That is, <rj? represents the crow 

section corresponding to a center-of-mass energy < E > with e g = 0. Pairs of 

scan points that are vet-y c!o*e in energy — such AJ points one and nine — have 

not been combined because the two points have different cross sections For SAM 

and MiniSAM Bhabha events. 

6. Fitting the Data to Extract Resonance Parameters 

We estimate Z resonance parameters, by constructing a likelihood function 

from the probability of observing, at each energy, nz Z decays and tit SAM and 

MiniSAM Bhabhan given that we have observed a total of nz 4- i»i events, We 

obtain fr* T telifiood L 

where the product is o%-cr energy scan points. The overall efficiency is t = 0.9M, 

and 0%{E) is the calculated production cross section for liadrotiir events and ten-

tonic events with (cosffft < 0.65. The likelihood function depends on the fit 

parameters, such a* mass and width, through the dependence of az on ihese pa-

rametcrs- Terms that are constant with respect to <T% have been dropped from 

Equation (6-1). 
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Tabic II. Average energy, iittcgr- *cd luminosity number of events, MintSAM 
efficiency and a?, for each energy a an point. The luminosity for each dean paint 
is given by Lutn - (Afe + JVJU-)/,- i, wlierc aj, = t y + tMaM The given error 
is the statistical error on Afe anV N y only; there arc additional statistical errors 
uit at due to the scaling errors on 05 and IJJU; {see text). The total luminosity 
is calculated from the 485 "pre JSC" SAM Bhahha events and has an overall 2.8% 
systematic error. 

Scn» 

PoiiU (GeV) 

Ns «U «« Luin. 

(nb-') 

Z 

Had. 

Decay 

Lep. 

9 

Tot. 
»Z 

(nb) 
3 89.24 24 lCfl 0.30 0.«8±0.05 3 0 3 4.5ii:l 
5 89.98 36 174 0.99 0.76±0.05 S 1 10 mi}-? 

10 90.35 116 617 1.00 2.61±0.10, 60 2 62 » " i S 
2 90.74 54 266 0.96 1.21 ±0.07 33 3 36 «.7iH 
1 9 LOG 170 923 0.99 4.08±0.12 114 6 120 31611:} 
a 91.43 164 879 0.91 4.12±0.1J 108 6 114 29.*+H 
4 91.50 53 275 0.99 1.2310.07 33 6 39 M J * K 

1 02.16 31 105 0.97 0.54 ±0.05 11 0 11 2>-5*K 
9 92.22 128 680 0.98 305±0.1! 67 4 71 2 4 . 3 1 " 

a 92.0(5 39 214 0.S8 1.00±0.07 13 1 14 i4.6i»:J 
Totals 815 4299 19,3±0.9 450 30 480 

A rclalivislir llreil-Wigncr resonance sliapc is ustd to represent az% 

'l[G) = 
12r 
»>Z (^ -

3 1 . 1 ' , 
,-(•+*(«)). (6.2) 

where 3 = £.*', £ ia the substantial correction (~ -O.'JT at the pole) due to initial 
stale radial inn calculated using an analytic form, Vt is the Z partial width for 
electron fmira, and Vj is the partial width for decays in our fiducial volume. The 

partial width? for n&dfona, KIIKUIS and taus arc related to T/ by V/ — ^k + K^n + 
fV), where/ = 0.556 Is the fraction of all muon and tau decays that have [costal < 
D.f.5. Wc take the lota) Z width to be r = P 4 + Yc + r„ + JV + AWV whew Nv 

•a the number pf species of neutrinos. 

We have performed three fits to the data, which differ in their reliance on the 
minimal Standard Model. The first leaves only tng as a free parameter. The widths 
are those expected for Z couplings to the known fcrinions (5 quaika and 3 lepton 
doublets), including a QCD correction to the hadronic width.* The second fit leaves 
both m% artd JVc *» •"'*-•«-* parameters but fixes Tv and all other partial widths to 
their expected values. With thin parameterization, Nv ii derived largely from the 
height of the resonance. Finally, the third fit does not assume any Standard Model 
partial widths. Instead, we write 

•*<*>" % - , 4 ) » I

+ V . r v m | ( 1 + *<*»• ( "> 

and fit for mz , T and<?fl (peak production cross section, hi the absence of radiative 
corrections, for all hadronic events and for muon and tat pairs with |cos£r| < 0-65) 
as the three fit parameters. The extracted values of Nv or Cr> depend on the value of 
e and the absolute luminosity normalization stale, while mz arid T arc not sensitive 
to these quantities. 

7. Results of the Fits 

The results of these fits are displayed in Fig, 8 and Table HI. We conclude 
that mz =91.14 ±0.12 GeV/e 2 . The uncertainty includes systematic errors added 
in quadrature, the largest of which is the 35 M°V due to the absolute energy 
measurement. The systematic error in m# due to uncertainty in the initial state 
radiation correction is estimated to he [ess than 10 MeV/c 2 . 

The second fit gives N„ = '2.8 ± 0.6, wliich is equivalent to a partial width 

to invisible decay modes of iV„IY = 0.46 ± 0.10 GeV. The luminosity uncertainty 
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A'e are fit parameters, uhii, I' i includes no assumptions about : .utial 
widths. 

-SI 

contributes 0.45 lo the error in JV„. The 95% CI. link4, is We < 3D, wlricli ctdnilcs 

to this level the presence of a fourth masslcss neutrino species within the Standard 

Model framework. 

Table III. Z resonance- parameters. The three fits arc described in the lext. 

Fit 
GeV/c' 

N„ r 
GcV 

irn 

nil 

1 91.14±0.12 - -
1 0I.H±0.I2 2.8±0.C -
3 fll.14iO.lZ - /> 4;>+0 « •I5i1 

The thud Tit yields T = 2.42+2" G e V - i n 6 < m ( l agreement with the Standard 

Model value of 2.45 GcV. The MiniSAM background subtraction error, whirh is 

the largest systematic error, contributes 50 McV tr> the uncertainty. The third 

fit value for <TQ of 454:4 nb agrees well with the value of -43.G nl> calculated using 

tnz = 93.14 GtV/c 2and Standard Model partial widths. The corresponding cross 

section for hadron decays is 42±4 nb. The itiAximnin penduction era** s-rrlion 

(including radiative corrections), which occurs approximately 90 McV above the 

pole due to initial state radiation, is 33±3 rib for all events in our fiducial region, 

or 31 ±3 nb for had tonic events only. 

The electroweaJc mixing angle, defined as s ingly = t — nirt-/ , nZ' " r c ' * t c a ' 

to tnz through • 

where Ar represents the effects of higher order radiative corrections, Because Ar 

is sensitive to the masses of heavy particles, the top quart m*$s and lljgg* mass 

must be specified to calculate sin 1 &w from mg. For m* = m/i = 100 GeV/c ? and 

http://fll.14iO.lZ


our value for the 2 mass, m ; x <II.I4 ±0.12 GcV/c 5 , we obtain 

*j«a 0ii = 0.230J ± 0 0009. (7 2) 

The dependence of l\n26\v on m< and m^ is shown in Fig. 9. 
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Figure 9. Value of sirr c5|r a* a function of the lop quark mass, for twoHiggs liosori 

masses, The widths of the bands art due (o the uncertainly in the mass of the Z. 
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DECAYS OF THE Z BOSON 
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ABSTRACT 

We present results from the analysis of approximately 500 Z boson decays col

lected by the Mark II detector. Topics include the partonic structure of hadronic 

Z boson decays, charged particle inclusive distributions in liadronic decay*, a inca-

surcmcot of 0 3 , properties of leptonic Z boson decays, and new particle Marches. 
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1, INTRODUCTION 

We present analyses or 7, boson decay using daYa from the Mark II detector 

at the St,AC c + c ~ Linear Collider (SI.C) operating in the e + c " center-of-masa 

energy (/km) range from 89.2 to 93.0 GeV. Wc have studied the partonic structure 

of hadronic Z decays^ measured the inclusive distributions of charged particles in 

hadromc decays, measured ns, measured the ratio of leptanic decays to hadronic 

decays, and searched for new particles, 

Our data sample consists of 528 events, or which 455 are hadronic Z hason 

decays* 41 an* Z dcrays to jt pairs or r pairs, and 32 .ire either Z decays ID e + c ~ 

pairs or Uhabha scattering events. The luminosity integrated over all scan points 

is 13.7 n b " 1 . 

Details of the Mark 11 detector can he found elsewhere.1 A cylindrical drift 

chamber in A 4.75 l»G .axial magnetic field measures charged particle momenta. 

Photons are detected in electromagnetic calorimeters covering the argular region 

| cos 51 < O.Dfi, where 0 is the angle with respect to the beam axis. Barrel lead-

liquid-argon sampling calorimeters cover the central region | cos£ | < 0.72 and the 

remaining solid angle is corned by end-cap Icad-proportiortat-tubc calorimeters. 

The detector is triggered by Uvoor more charged tracks within |cosfl | < 0.76 or 

by neutral-energy requirements of a single shower depositing at least 3.3 GeV in 

Mm barrel calorimeter or 2.2 GeV in an end-cap calorimeter. 

2. HADRONIC Z BOSON DECAYS 

2 . 1 . PAitTONrc STRUCTURE O F HAOHONIC DECAYS 

Wc test the underlying partonic stnictute of hadtemtc Z decays by studying 

the number of jets in an o**ent (Njei)t the sphericity (S), the aplanarity (A) and 

the llirusl (T). Wc compare the distributions for these variables to the prediction!, 

from several QCO-bascd models 2 " 5 which have had their paranuclei? adjusted to 

fit Mark II data at Erm = 29 GcV. 6 All event variables have been corrected for 

selector ncceplanre iiH-'fiiriwicirs and machine-related backgrounds, 7 

The corrected distributions for *he shape pnrarneters sphericity, aplanarity and 

thrust are shown in Figs. 1 - 3 . Also shown are the predictions from several five-

flavor QCD models for these quantities. These QCD model predictions arc in 

good agreement with the data. The mean values of the shape quantities have 

been measured to be < S > = 0.070 ± 0.007 » < A > = 0,0110 ± 0.0009 and 

< T > = 0.935 ±0.001 wlictc the collections for detector acceptance have been 

applied and the errors r.ie statistical only. 

A cluster algorithm is used To estimate the number of jets (Ajfi) observed 

in each event. The analysis method Tor calculating Nj,t is dcscribri) in detail 

elscwhcre.B ' , Briefly, in each cvrnt the quantities .y l̂ — ^Jil^lh a r r ralcnlatcd 

for all pairs of particles it and /, where nTfcj is the invariant mass of k and /, and 

Fvii is the *tim of charged particle energies and shower cr rgics. The pair with 

the smallest invariant mass is replaced by a pseiiiopartkle with four-momentum 

{l\ + Pi). The procedure is repeated until the smallest JKI exceeds a threshold 

value yc*t. The clusters formed by this proredure are called jets. 

The corrected Fractious of 2, 3, \ and 5-jct evcnta( I t j , Flj, R<, Rs ) are shown 

in Fig. 4 as fc function of y r M | . In Fig. 4 each event contributes at all values of Vent 

and hence the statistical errors for different values of ytui arc not independent- As 

illustrated in Ref. 9, the- corrected jel multiplicity is expected to reproduce rather 

closely the produced jet (parton) multiplicity. At a standard value or yt*i = 0-08t 

the fraction of three jet events in hactioitic events is 0.22 ± 0.03. 

The mean values or the corrected quantilion are compared in Fig. 5 to menu 

values from other experiments 1 0 at different ccnter-of-mass energies and to the 

values from this experiment at 29 GeV.**9 For comparison, the solid curves shmv 

the expectations from the Lund parlon shower model which follows the data fiver 

a wide range of energies. 
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Figure 1. Event sphericity, for data (circles, with statistical errors) and four 

QCD Monte Carlo models (curves). Data points are plotted at the mean data 

value within each range and the horizontal bafs show the extent of Die range, 
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Figure 2. Event aplanarity, for data (circles, with statistical errors) and four QCD 

Monte Oarto models (curves). 
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Figure 3. Event thrust, for data (circles, witli staltio'cal er'ors) irtd four QCD 
Monle Carlo models (curves). 
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Figure 5. The n.-ui values of (a) sphericity (b) a^'anarity and (c) thrust aid (d) 

tlitt 3-jet fraction for a y C K | of 0.03 compared to data from several center-of-mass 

energies. The errors arc statistical only. The curves arc the predictions from the 

Lund par ton shower model. 

2.2. CHARGED PARTICLE INCLUSIVE DISTRIMITIONR 

Inclusive charged particle distributions provide additional tests uf hadrcmic 

Z boson decays, We study the charged multiplicity, the seated momentum 

(x = 2pjECm), the momentum transverse to the sphericity axis within the event 

plane pi^„, and the momentum out of the event plane p±aut-

All variables, with the exception of the charged multiplicity, ate <orreeled 

for inefficiencies, detector resolution and machine backgrounds using hiii-by-bin 

correction factors derived from the LUND 6.3 shower Monte Carlo with full detector 

simulation.11 Charged particles from all K% and A decays are included in the 

corrected distribution?. 

The uncorrected charged multiplicity distribution is showu in Fig. 6 (a). Also 

shown are the predictions of several QCD-Lased fragmentation models. The 

charged multiplicity was not corrected ou a bin-by-bin basis because of large 

correlations between bins. We have, however, used an unfolding procedure13 to 

'measure the mean charged multiplicity of liadronic Z bosun decays. Our corrected 

mean charged multiplicity is plotted in Fig, 6 (b) along with the mean charged 

multiplicities measured by other e + e ~ experiments 1 1' 1 3 at various ceiiter-of-inass 

energies. 

Figure 7 (&) shows the corrected distribution for l /^uJ ^hkfdr, where OK^A 

and o-jrjt are the total had rani c and charged-particle inclusive cross sections, re

spectively, along with the predictions from several models. Figure 7 (b) shows 

1/tfl.d datrifdx vs. Eem for several x bins, comparing the results oF this analysis 

with data from other e + e ~ experiments at lower Een-6'll,ii The small scaling vU 

oiations in the largest and smallest x bins arc accounted for by the LUND shower 

Monte Carlo. 

The distributions for p±in and p±0ilt are s-hown in Figs, 8 (a) and (b) respec

tively, together with predictions from several Monte Carlos. Mack U Jala from 

the Z boson resonance and from ECm = 29 GeVG are shown. Figure 8 (c) shows 

the mean values of p\in and p±nl from this experiment and from o l h c w 6 ' , 2 , 1 3 , u 

at a variety of center-of-mass energies along with the prediction from the LUND 
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solid linn in the Lund Shower model prediction. 

-570-

• Market OalagiGeV 
- — LunrJ 6-3 She- « 
— Wtbb« 4.1 

• Clinch 11M 

30 SO 100 

Figure 7. (») Corrected charged-pattiele inclusive diitribution l /o» , i do^i /di , 

wliete i = ipfBtmt compared with several models, (b) Comparison between 

char£ed-particlc inclusive distribution in a: forhadronic Z decays and various c + e~ 

experiments at lower EM.. The solid lines are the Lund Shower model prediction. 
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Comparison between means of charged-particle inclusive distributions in p\oul and 

J'liii ' o r badronic 2 decays and various e + e ~ experiments, at lower Ecm- The solid 

lines are the Lund Shower model predictions. 
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shower Monte Carlo. The data at larger center-of-mass energies appears to \m 

slightly higher than the Monte Carlo prediction. 

2.3. MEASUREMENT O F as 

According to QCD the strong coupling constant as should decrown an the 

cciiter-of-masa energy of e + e ~ collisiona is increased. The Mark II h well suited 

to test the running of 0 5 since the same detector has been used In observe hadrons 

produced through e + c " ittinihiliition at Ec,n — 29 and VI CcV . 

Examples of obscrvables which arc sensitive to as include the tutul hadromc 

cross section (ota) , the energy-energy-correlation asymmetry and the three jet 

fraction J?j. The total hadroiiic cross section in free of fragmentation uncertain

ties, but depends only weakly on as (QCD correctiiirii are approximately 5% of 

tfioi)- The energy-encrgy-correlation asymmetry has systematic errors ftom frag-

•ncntution uncertainties which are difficult to estimate. 1 1 

The three-jet fraction Hi is ; n sen si five to fragmentation effects fui large enough 

values of the jet resolution p«.-iuit>5 j / r t : - J S However, it is difficult to extract as 

by fitting the Jl j distribution si:;':* 'tic thine event can appear several limes in the 

distribution. Instead of dealing wn ; l b - "implicated correlations of such a fit we 

have chosen instead to plot and fit» =riv»live of the Rt dislrib ition. 1 7 

The derivative of the /fy distribution isdcP led as follows. l**ir a given harironic 

event, we define 1/3 to be the largest jet resolution parameter yCmt for which the 

event can be classified as a three-jet event. We define t/jfyj) to be the dinlrihuIion 

fuuetion of y3. Integrating gi{yi) over ys from 0 to yCMt yields It^[yCut) -, «* *" a t 

9i{y) — ^2 {y) - Note that an event appears only once in the </] distribution. 

The corrected oj(ya) distribution ia shown : \ Pig. *J for (a) Etm = y) OeV am* 

(b) Efm = 2& FcV . Also shown are QCD predictions" for different values of the 

QCD scale parameter A ™ . These predictions were obtained by differentiating 

the Ifa function calculated in Kef. 18. The aotted vertical lines at yj — 0.01 and 

yj = 0.U are the boundaries of the region we fit to obtain 05 . The region with 

i/3 < O.Oi ia not vsct'. because fragmentation efforts are large Fur snmU vahes of 
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Figure 9. The experimental distributions of y3 at (a) y/i = 91 GeV, and (b) 

•Ji = 29 GeV. Only the statistical errors arc indicated in the figures. The curves 
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0.5 GeV far Q2 * a. The j j range used in tbc fit Tor the determination of a , is 

defined by the two dashed lines. The curves above yj = 0J4 are extrapolated from 

the QCD predictions in the low $j range. 
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1/3, whhV llie region with yi > 0-M is not <j«?d because lhr» Hj[y) calculation in 
Ilrf. 18 is not Valid Uir y > 0.M . 

('housing the rrnnrmalization point Q2 to be A, WC obtain 

0 5 = 0.123 ± 0-009 ±0.00 pi at V S = 91GCV 

nS - 0149 ± 0-002 ± 0.007 at ^5 = MGeV. 

Figure 10 allows our two mrjutirrmmls of oy along with a QCI) cxtrapolaiiori19 

of our as measurement at y/x = 29 GeV to higher energies. The rnntimg of n$ 

from 29 GeV to 91 GeV is consistent with the QCI> prediction. 

Using the approximate sn^ilion to the TMtoTmaLization group equation gtvm 

in H**f. 19, wc find that the corresponding QCi> scale parameters arc A •/$ =? 

o.23iS!Jig:Uat %/3 = 91 cov««J A ^ = 0.28+;J""™at s< = » Ccv. 

3. LEPTONIC 2 BOSON DECAYS 

The ratio or Oir partial 2 d«ay *idtb into If ptoh pairs It? the partial (Jcray 

width into hadrons, 

Or(Z - II) 
r " = B r ( Z - . W r m , ) ' ' = ' ' " • ' • 

is expected to be 0.048 in the standard model. 

W<- separate hadronic and leptonic decays on the basis of the number or I racks 

and the event thrust. For the purposed tfleasurrngr/., hmlronic evenls &JC nr\n:lrA 

by requiring at least seven charged trades, while h-plmiic event candidates are 

required to have fewer than seven charged tracks. In addition, lepton candidates 

must have at least one charged track in each event hemisphere, defined by the 

plane perpendicular to the thrust axis calculated from the charged particles, and 

no tracks outside | co»01 < 0.82. The separation of the Teptonic Z decays into e, ji, 

and T pahs requites additional criteria which are described in Ret. 20. 
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Figure 10. The stfoog coupling a,[Q2 = j ) a s » functiou of y^- The errors 

include statistical and systematic uncertainties added in quadrature. Also shown 

Are the extrapolations or the nm measurement at ^/s = 29 GeV to higher energies 

or assuming a uinst&nt a,. The dotted lines indicate the extrapolation of the 

measured a , ± la from 29 GcV. 
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The detection efficiency for the different classes «*f evi-iit:* are: JS&!/ for liinljejiik 

events, GC% for r pairs, 54% for ft pairs. Theeffirlniey for electrtiii ]i;itr» pi"il'i« "d 

at the Z peak within Jcwfl] < 0.82 is VS%. We find IW7 liadroiiir evei)!*, 13 ;i 

pairs, 21 T pairs and 18 electron pairs. For the T sample the estimated background 

from all sources is 1 C events, for the fi sample the estimated background is (J.'J 

events, and for the electron sample the estimated background fnmi all simrces is 

lew than 0.15 events. 

The electron sample has ft sizeable contribution from QKf) and weak 

electromagnetic interference. To reduce tins contribution we require that tin-

positron scattering angle & be in the range —0.82 < rostf < 0X8, c-liinitiaiiug 

the forward region where the QED contribution is large. This cut U-av«3 U .•v.-nlj, 

with a background of 1.4 ± 0 . 6 events due to QED and weak-<decLrouiagiic tic in

terference. The overall electron efficiency after all cuts is 0.62. 

After inclusion of all systematic and statistical uucci Unities the resulting rati us 

of the partial decay widths arc: 

S" - n 0/17+0.016 

^TT - n n f i f i * 0 0 ? 1 

p" - u u o o - 0 . 0 1 7 -1 had 

These results are consistent wjih each other and agree we]] wjlji the Standard Mode) 

predictioD of 0.048. Under the assumption of lepton universality the combined 

Jepton sample yields r „ / r w =* O-OKriJSg. 



4. NKW PARTICLE SEARCHES 

4 .1 . Ni:\v HEAVY QUAIIKS 

Srini 1f|\U>inr Decays 

Semi-lrpinnir heavy qunrk decays will produce isolated leptmift. To maximize 

uur deledinn efficiency Tor new liravy*q(iarks anil oilier new heavy particles <L,ray-

ing tlirough .1 virhial II" boson, we dp not require that an isolated charged track 

In* identified as mi electron or niuoti. 

An isolated I rack is tun* with isolation parameter/i; > 1.8 where pt is defined as 

fullows-' : The Lund jet-finding algorithm t* applied5 2 to tlic charged and neutral 

tracks excluding (lie caiidtdAtc track i. Wo llictt define 

P% = minl(2E.(l - c o * ^ ) ) 1 ' 2 ) , 
j*-'» i 

where E{ \a the track energy in GeV and Oif is tlie. angle between the track and 

each jot axis. The distribution of / i , the maximum value of p; or all charged tracks 

in .in event, is shown in Fig. 11 for our data sample, for a five-flavor QCD Monte 

Cai !<>,-* and for » 3-r> CvVJc* r quark . 

Then- is our event wild p > 1.8 while 0.0 events (l.und Shower with Peterson 

fragmentation) to 1.8 events {Webber 4.13*) are expected from QCD five-flavor 

processes. To be conservative, background subtraction is performed using the 

smallest value (0.9 events) expected. Using a standard approach,2* wo find the 

upper limit .it 95% C\L. lo he 1.2 events for one observed event and 0-9 expected 

background events. 

From the above observation, we conclude that, the mass of the top quark (< 

quark) is greater than 10.0 fleV/c 2 and the ma>.= of n fourth generation down-

type ipiark (h' rpiark) is greater than 44.7 CeV/c 2 at the 95% confidence level 

{C.I..-) i f f and b' decay 100% via a virtual 11" boson. 

£10 - 1 

10"' 

i — i — i — i — i — i — r 

il '"; 
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Figure 11. Maximum iwlalion parameter p of all the tracks in an event for 

data (circles, with statistical errors), urficfr QCD Monte Carlo (solid line), and 

a 35 GeV/c2 top quark (hatched area, normalized to data). The Monte Carlo 

simulation included detector and beam background effects. 

' 4 -



l-tiop Decays to t ' lujtona 

A it* <]uark may not decay 100%«f tW time via a virtual W because of increased 

suppression of transitions uhi< |< croas twa generations. 2 6 Consequently, Hie Ilavor 

-'liangiiifiii^itral-<tirr<.iit(FCNC)1oc)|> Jccays 2 7 of i ' - • b+gluoii and f -» rVj-numi 

iilsci U> considered. We use isolated photons lo search for the process y —• try . 

An inula Led photon in defined to he a neutral shower with p, > 3.0 where pi is 

deliiKil as fur a charged (rack. A larger p cut is required because the calorimeters 

ramiut resolve closely-spaced jr°'a aa well as the drift chamber can resolve closely-

spared charged pious. No events were found willi an isolated photon, From this 

observation, wc obtain Mv > 45.1 GeV/c T (Q5% C.L.) ir 13.11.(6* - . 67) > 25%. 

l[a<inmic Dtvays 

If the virtual \V decays and direct photon decays of a heavy quark arc sup

pressed, then isolated track techniques cannot be used lo find a heavy quark. 

Iladrcuic decays might dominate if tf decays through b' —* &-f gluoti ate impor

tant. Alio, in extensions of the; Standard Model with two Higgs doublets, t and 

tt can decay into charged HiggH pnrticlcs ( / / + ) by t -» U+b or 6' -» H~c if 

Aim < *1/|» M - This two-body decray mode would dominate over decays through 

a virtual It'. 

To search for events in which both heavy quarks decay hadrantcally wc lake 

advantage of Lliu fatt that such events tend to be spherical and tend to have large 

momentum sums out of the event plane. We use the variable Mouti defined to be 

wlrae JJJ . O I 1 , is the momentum component of a charged track or neutral shower 

out of the event plane defined by (lie sphericity tensor, and llie sum is over all 

charged trucks and neutral showers. The distribution of Mmt is shown in Fig. 12 

for the data samp]e t for a five-flavor QCD Monte Carlo, and for the process b' -* 

cll~ -» cte for a 35 ( ieV/c ? &'. We sdect heavy quark events by requiring that 

M„„, > 18 GeV/c 1 . 

10 20 30 40 

M O U T (GeWc2) 
50 

Figure 12. Miss oul of the event plane A/0„i for data (circles, with statistical 

errors), n i s e i QCf) Monte Carlo (solid line), and for a 35 GeV/c 2 H 'lUirkdecaying 

i n l o c / / " (liatched area), with Mu- = 2S GeV/c 2 and the U~ decaying 100% inlu 

rs-



Six events are observed in tin; data with A/ ( ) Ui > 18 GuV/c 2 , while 4.8 events 

(Lund Matrix Element 2 4) to 11.7 events (Webber 4.1 2 4 ) wrc expected from QCD 

five-flavor proarssep. The tail of Hie QCD A/«ui distribution is very model de

pendent beratiM* of Die dilTricnt ways in which imiHiple-hard-gluon radiation is 

handled^ 4 To be conservative, background subtraction is performed using the 

smallest value (1.5 events) expected. We find the upper l imit 3 5 at 95% C.L to 

be 7.1 even Is for C observed events and <l,8 «:xpf:eled barkground events-

The above observation allows us to set tin? following limits. If J and b' decay 

1<H)% via a virtual H \ ilf, > -10.7 CeV/c* and Mv > AVZ Gc\'/c2 at 95% C J*. If L1 

decay* 100% into fi + 0/won, then My > 42.7 GeV/c 2 at 95% CX. If ( and V decay 

100 % tbiougb a charged Higgs boson of mass > 25 GcV/e 3 , which iu turn decays 

100% hadronirallv into eS, then Mt > 12.5 GeV/c 2 and My > 45.2 CeV/ r 2 at 9!i% 

(Mi. The ca.*e of IIM* H~ decaying partially into TV is found to weaken the above 

limits, but iF B ,R( / /~ -* TV) < 70% both limits remain over 40 GcV/c 2 . 

4.2. N E W HfcAW UNSTAMU; NEUTRAL L E I T O N S 

We restrict our neutral leplon {!/*) search to a sequential fourth generation 

DiraC neutral leptoii. We assume that A//,* < Mi- in the new Leptoii doublet 

( / ,° ,£~), and that the weak eigenstatea vt and mass cigonstates i^ of the four 

ftinrration* of neutrinos arc mixed in analogy with the quark sector: 

The possible decay modes of the L° arc then L q —»t + IV*,(£ = C ^ / ^ T ) . 

Limits on 1? production am Kc-nsitivp to the mixing parameter \3\?t- ^oi small 

eiwwgU values of the sum S \Wi*t\2 Cor ( s= *,jt, r , the lifetime2* of the L° will be 

sufficiently long tbnl it will decay outside our fiducial vertex region. Wc therefore 

present our neutral leplon limits as a function of V mass and £ |f£°<l -

Tor short lived nnilral lc pious with manses greater than about 20 GeV/c 3 we 

can use the isolated charged track analysis described in the previous section. From 

the fact that there is but one event with p > 1.8 we obtain the neutral leptoii limits 

shown in Fig. 13. 

4 . 3 . O T H E R N E W PAKTICLK SEARCHES 

The Mark II has searched for many other types of r : v particles. We have 

searched for long-lived neutral leptons,2* short-lived neutral leptons with masses 

less thap 22 CcV/e 2 , 3 0 doubly charged iltggs bosons, 3 1 non-minimal neutral Iliggs 

bosons, 3 2 heavy stable charged particlrs, 3 5 and supcrsyinmelric particles. 3 4 All 

searcher, have been negative. 

5. SUMMARY 

AH ol our observations ol Z boson decay are consistent with the standard 

model. QCD-bascd fragmentation models which have had their parameters ad

justed at Bcm — 29 GeV describe hadronic Z decays very well. The strong cnnpling 

constant as runs between 29 GcV and 91 GcV as predicted by QGD- The ratio of 

leptonic to hadronic decays is consistent with the value predicted by the standard 

model. And wc have seen no evidence for new particle production in Z boson 

decay. 
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Figure 13. 95% C.I.. mass limits for an unstable neutral heavy lepton LP as a 
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