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PREFACE 

The eighteenth annual SLAC Summer Institute on Particlc Physics was held 
July 1627, 1990. This year’s focus was the study of heavy quark and gauge 
boson properties based on new data from the CDF experiment at the FNAL pi, 
collider and the ALEPH, OPAL, L3, and DELPHI experiments at LEP. School 
lectures by David Burke, Bob Cahn, and Daniel Treille reviewed current knowl- 
cdgc of W  and Z physics at LEP and speculated on what we might learn at 
future Z” factories or high energy linear colliders. Persis Drcll and Jim Bjorken 
commented on the experimental and theoretical situation for 11 quarks; Cor- 
don Kane discussed the present understanding of the top quark situation. Steve 
Errcdc reported on electroweak studies with hadron colliders. Finally, we had two 
lecture series on accelerator physics issues: John Rces explored the H-Factory lu- 
minosity frontier, and Ron Ruth explored the linear collider frontier. There were 
269 participants from 10 countries at this year’s institute. We thank the fol- 
lowing colleagues who, as provocateurs, made the afternoon discussion sessions 
interesting and substantive: Constantine Simopolous, Tim Barklow, Michael IIil- 
drcth, Pat Burchat, Chris Hearty, Bob Jacobsen, Yosef Nir, Isard Dunietz, David 
Mullcr, Don Fujino, Brian Warr, Adrian Cooper, Dan Schroeder, Eran Yehudai, 
Tor Raubenheimer, Chris Adolphsen, John Seeman, and Gary Godfrey. The 
topical conference reviewed frontier research results in theory and experiment, 
with reports on: the rare K decay program at BNL; the Tristan program; the 
e+e- work at DESY, Cornell and LEP; recent data from the UAZ and CDF ex- 
periments; CP violation at FNAL and CERN; heavy quark studies with hadron 
beams; and the neutrino program at CERN. We also reviewed the international 
astrophysics program. Altogether, it was a stimulating meeting. 

We especially thank Nina Adelman-Stolar for taking over this year’s Summer 
Institute while Eileen Brcnnan was on maternity leave. Eileen came back to help 
out during the actual meeting, but the planning, preparation and running of this 
year’s meeting was Nina’s, and she did it very well! 

WC also thank Eileen Brennan for her years of running the SLAC Summer 
Institute and we wish her well in her new role as Holly’s mother. 

This year, two of the program directors left SLAC; Fred Gilman became 
Associate Director of Research at the SSC lab in January 1990 and Gary Feldman 
left for Harvard in September 1990. We wish to thank both of them for their many 
years of collegial work in running this meeting-15 years for Fred and 11 years 
for Gary; it made the job enjoyable and was greatly valued and appreciated. 

Finally, we welcome -Jane Hawthorne, who took on the responsibility of 
the SLAC Summer Institute in August, and has edited and produced these 
proceedings. 

-- 
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Abstract 

&dame&al aspects of 2 decays are reviewed. The effects of radia- 
tive corrections, both from ordinary QED and from the electroweak in- 
teractions are considered from an elementary point of view, but in some 
detail. The possibility of mixing with an extra Z boson and the ef%ct 
that technicolor might have are discussed. Additional information that 
will be obtained from measurements of the W in collider experimepts is 
considered. 

‘This work was supported by the Director, ORice of Energy F&zsearch, Office of High energy 
and Nuclear Physics, Division of High Energy Physics of the U.S. Department of Energy under 
Contract DEACOP76SFOOO98. 

0 R. Cahn 1991 
-l- 



1 Introduction term in the Lagrangian that is quadratic in the vector fields: 
I 

The successful operations of the SLC and LEP have provided us direct, clear 
access to the evidence for electroweak unification. Their earliest results gave a 
precise determination of the mass and width of the 2 and showed that there 
are only three light neutrinos, and by implication that there are only three 
generations of quarks and leptons. The data available by June, 1996 dramati- 
cally confirmed the basic predictions of the standard model for the width and 
branching ratios.[l, 21 This success is too much of a good thing. To make further 
progress we need to find new particles or effects that are not predicted in the 
simplest version of the standard model. Such effects have not yet been found.[3] 

How then can we hope to 1- something new from LEP or SLC? We 
must look to high statistics experiments, with either polarized or unpolarized 
beams. It seems unlikely that there will be direct evidence for production of new 
particles, although the search for the Higgs boson continues, but there could 
be signs of higher-energy phenomena that would appear in 2 decays through 
radiative corrections or through mixing. 

These lectures explore these themes. However, they can be considered no 
more than an introduction to a subject that has been investigated in great 
detail. Among the myriad important references, the CEFtN publications Physics 
at LEP,[4], Polarization at LEP,[5], and 2 Physics at LEP 1,[6] are worthy of 
special note for their exhaustive treatment of many of the topics considered here. 
My  lectures inevitably overlap the excellent presentation of Michael Peskin at 
last year’s Summer School.[7] Some of the material may be found in my  Beijing 
lectures of 1988.[8] 

2 Standard Model Basics 

The familiar litany of the standard model is that electroweak interactions arise 
from a Yang-Mills theory based on the group N(2) x U( 1). Each factor has its 
own coupling constant, g for SU(2) and g’ for U(1). In its simplest version the 
symmetry is broken spontaneously when a complex doublet of scalars takes on 
a vacuum expectation value, o/d, in its neutral component. This generates a 

g [g’(W: + W;, + (SW, - g’B)‘] 

This is then recognized as the mass term for the W  and 2. The properly 
normalised 2 field is 

z= gW-dB 
xhFTi7’ 

(2.2) 

and the implied masses are 
2 g2v2 

mw- 4 ’ (2.3) 

m; _ (g2 + 9”)v2. 
4 

The combination of neutral fields orthogonal to the 2 is the massless photon: 

(2.5) 

The mixing angle between the W3 and B is called Bw and 

tan 6w z g’/g, (2.6) 

so 

A = sin& W3+cm&B, (2.7) 

2 = cos& Ws-sin&B. (2.8) 

The couplings of the theory are determined by the covarisnt derivative, 
which when written in terms of the physical fields is 

D, = a,, + s(T+W; + T-W;) + zo, -(T3 - Q  sin’&)& + ieQA,, (2.9) 

where the coupling e is defmed by 

1 L+L. 
3=g2 y2 

The value of u is determined by comparing the amplitude for the decay 
p- -+ e-u,,re calculated from the effective Lagrangian derived from Eq. (2.9) 
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with the result obtained from the usual V - A theory. This yields 

GF V’ z=-i-=&. (2.12) 

All of these relations are calculated in lowest order perturbation theory, * 
at the Born level. There are three fundamental parameters: g, g’, and u, but 
four relations among them, Eqs. (2.3), (2.4), (2.10), and (2.12). Radiative 
corrections will modify the results by finite amounts. We are free to maintain 
three of the four relations, as described more fully below, and the fourth then 
will be changed in a way dictated by the theory. We anticipate the results of 
the following sections by writing 

$ = &(l+Ar) 

= %(l + Ar). (2.13) 

The quantity Ar reflects effects from known and possibly from unknown sources. 
We shall later calculate many of the contributions, but for now let us note that 
Ar cz 0.06. Using Eqs. (2.3), (2.4), (2.10), and (2.13) we find the relation 

1 
m2, = 2 

Often the relation between rn,r and rnw is written in terms of sin’ 0~. There 
is nothing wrong with this, but it can cause confusion because there are various 
definitions of sin’ 0~ that agree at the lowest level (tree level) of perturbation 
theory but which differ once radiative corrections are included. We shall use the 
definition advocated by Sirlin [9]: 

sin* ew = 1 - ml,/m2,, (2.15) 

from which it follows that 

l- (2.16) 

The partial widths for 2 decay may be calculated from the cou lings 

where gf is determined by referring to the coupling dictated by the covariant 
derivative. Of course a real calculation must involve radiative corrections, but 
heuristically we can write a form that contains most of the radiative correction 
by replacing 

9 ’ -+ 8m&GF/ 4 (2.18) 

in the lowest order expression for the partial width. In this way the general 
form, 

rtz + MR) = 
92 
24s ’ 

(2.19) 

gives us the specific predictions 

r(z + V‘fiR) = d%?& - = 165.7 MeV, 
24~ 

r(z + f‘fR) = v(T3 - Qsin’Bw)‘, 

r(z + fRfL) = v(Q sin’&)‘, 

ryw + e&e) = d%m& 
12n 

= 224MeV. 

(2.W 

(2.21) 

WJQ) 

(2.23) 

We summarize this in Table 2.1. 

These predictions may be compared to recent results from LEP in Tables 
2.2 and 2.3: It is apparent that the agreement between theory and experiment 
is remarkably good. 

With mz = 91.17 GeV,Ar = 0.060 we find rnw = 79.99 GeV and sin20w = 

0.230. 
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3 Decays to the Higgs Boson 

Table 2.1: Partial widths in MeV for 2 decays predicted by the simple formulas in Eqs. 
(2.19) - (2.23) with sin’ &=0.230, rn~ = 91.17 GeV. The total width is predicted 
to be 2488.5 MeV and the hadronic width 1741.5 MeV. The hadronic widths have a 
correction factor of 1 + a,(m$) %  1.04. The final column shows the partial width 
summed over generations. 

Mz (GeV) rz (GeV) akyk(nb) N” 
ALEPH 91.194 f 0.016 2.498 f 0.031 41.86 f 0.66 2.96 f 0.12 

DELPHI 91.182 f 0.021 2.495 f 0.040 41.7 f 1.2 2.93 f 0.21 
I I 

J-3 191.148 f 0.017 ( 2.502 f 0.033 1 41.24 f 0.76 13.04 f 0.14 

OPAL 1 91.163 f 0.017 1 2.497 f 0.034 1 41.6 f 0.8 1 3.09 f 0.19 

Table 2.2: Results from LEP experiments for the Z mass, Z width, peak cross section, 
and number of light neutrino species as reported by Femandez.[l] 

rrepton (MeV) rhodra WV) rinGtiMe (MeV) R  = had/&, 

ALEPH 84.4 f 1.3 1753 zt 27 492 f 25 20.77 f 0.39 

DELPHI 83.2 f 2.0 1731 f 52 514 rk 46 20.8 f 0.6 

L3 84.3 f 1.3 1733 f 44 516 f 42 20.57 f 0.60 

OPAL 83.1 l 1.9 1804f44 474 f 43 21.72 2i.g; 

Table 2.3: Results from LEP experiments for partial decay widths of the Z as reported 
by Fernandez.[l] 

If we are to 6nd new physics at the Z it might well come from rare decays. Of 
such possibilities the one pursued most vigorously is the search for the decay 
Z + Z’H, where H is the Higgs boson and Z’ is a virtual Z that decays into 
some “observable” state. The most obvious choice for this state is a charged 
lepton pair, but in fact it has been possible to look effectively for the &cay into 
neutrino pairs. Prom Table 2.1 we see that the sum of the neutrino channels has 
a branching ratio six times a big as any single charged Iepton channel. 

This manner of searching for the Higgs boson was first proposed by Ioffe 
and Khoze [lo] and the decay distribution was calculated by Bjorken. [ll] In 
terms of I = 2EH/mz, where EH is the energy of the Higgs boson, 

E =m$+m&-m& 
H 2mz ’ (3.1) 

We have for Z + Z’H + (p+p’-)H 

1 dr a 
r(z-+pp) Z = 47rsin2Bwcos2Bw [ 

2’ 2m& 
1-2+12+3G I 

x (zL#2(z-~)-2. (3.2) 

The branching ratio for Z + Z’H --) (all) + H is obtained by integrating 
over 2: 

BR= Q 
47r sin’ 0~ cos2 0~ 

F(Y) 

Lower bounds on the mass of the Higgs boson, assuming the simple one- 
doublet model, have been obtained by the various LEP experiments. The best 
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limit so far comes from the ALEPH Collaboration.[lP] Data from their exper- 
iment are shown in Fig. 3.1. The histogram shows the visible mass. The first 
plot, (a), shows a large sample of events dominated by ordinary hadronic decays 
of the 2. The shaded histogram shows the expected distribution from hadronic 
Z decays alone while the points indicate the data. After a series of cuts is ap- 
plied that should greatly exclude most normal events, while leaving the true 
Z + HUT events, the remaining distribution is as shown in (b). The shaded 
distribution in (c) shows the expectation for actual Z ---* HVF events from a 40 
GeV Higgs boson. When the Z’ + tie- channels are added the ALEPH limit 
is MH > 41.6 GeV at 95% C.L. When the Z’ + 4tP channels are added to 
Z -+ Hvi7 the ALEPH limit is MH > 41.6 GeV at 95% C.L. 

An alternative decay of interest is Z + Hr. This decay does not occur at 
lowest order because the photon couples to charge and the Higgs boson and the 
Z are neutral. There are contributions, however, from one-loop diagrams.[l3] 
Results of such calculations are shown in Fig. 3.2. 
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Figure 3.1: Data from the ALEPH Collaborationexcluding a conventional Higgs boson 
of about 40 GeV by looking for the decay 2 -* tlvi7.[12] 
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Figure 3.2: The branching ratios for Z -+ Z'H and Z - H-y as a function of the 
mass of the Higgs boson. 

4 Other Rare Decays 

The topic of rare decays of the Z has been summarized by Glover sr/d van der 
Bij.[l4] Among the possibilities are 

Z + HHfT. This is essentially excluded given the present limits on the mass 

of the Higgs boson. 

Z + qijt+P-. The rate is not too small since the partial width summed over 
leptons is about 1 MeV, but neither is the process very interesting since 
the lighter of the quark pair and lepton pair is simply produced by a virtual 
photon emitted by the other pair. 

Z + WJT. This is interesting in principle, but the rate is extraordinarily small 
because all diagrams have at least one very virtual particle. Glover and 
van der Bij conclude that more than 108 events are needed to see this 
mode. 

Z -+ ggg. The decay proceeds through quark loops, but with a rate that is not 
observable (BRx 2. lo-‘) given the qqg background. 

Z + ygg. The rate is even smaller than for ggg, and the qij-y background is 
formidable. 

2 + 777. Ridiculously small in the standard model, BR< 10Tg. 

Z + 7$. The rate to decay into a photon and a heavy quark-antiquark bound 
state can be calculated. The largest is to 7$, but its branching ratio is 
less than lo-‘. 

Z -I &. In the standard model this and other flavor-changing neutral current 
decays are very small, typically lo-’ and therefore out of !range. 

Z 4 yrrrc, mc. Here ?rrc is a neutral technipion and mc is a technieta. This 
decay was considered as early as 1981. [15] The most recent calculation 
[16] for a one family model of technifermions evaluated for the vc with 
N technicolors gives a partial decay rate of 0.7 keV (N/4)2, which is only 
observable for a large value of N, say 7 or more. 



: .3  

Z 4  WT.  A n  interest ing, ca lcu lab le  (171,  a n d  unobservab le  decay  with a  part ia l  

width of less than 4  . 10- r’ G e V . 

Z  +  rrr’. Despi te  a rgumen ts  to the contrary [18], this a lso  has  a  very  t iny 
part ia l  width[ l’l], about  10- r’ G e V . 

5  Init ial S tate Rad ia t i on  

T h e  most  impor tant  rad ia t ion correct ion in  e + e -  --)  Z  +  X  is ini t ial  state 
radiat ion,  a  pr imar i ly  c1assica l  p h e n o m e n o n  lead ing  to emiss ion  of rea l  pho tons  
a long  the d i rect ions of the inc ident  beams.  Wh i l e  there a re  n u m e r o u s  extensive 
calculat ions a n d  Mon te  Car lo  rout ines to eva luate  init ial  state radiat ion,  for 
m a n y  pract ical  pu rposes  it sufkes to use  s o m e  s imp le  analyt ic  formulas.[ l9]  

W e r e  it not  for radiat ive correct ions,  the e + e -  annih i la t ion cross sect ion 
nea r  the Z  wou ld  b e  g iven,  to a  very  g o o d  approx imat ion ,  by  the s tandard  
Bre i t -Wigner  fo rmula  

He re  E  =  W /2 is the b e a m  energy  a n d  us  represents  the cross 
if 

t ion be fore  
radiat ive correct ions.  In t roducing z =  2k/I’ a n d  A  =  2 ( W  -  M)/  , w e  have  

zs ( l +~ ) t (~ )~~zE’rdrr’-‘[ l+(r-X)~]- l .  (5.4)  

S ince  E  > >  I’, the uppe r  l imit  m a y  b e  set equa l  to in6nity.  If w e  n o w  def ine 

Q ( X )  E t / o m  dz  I+ ‘[1 +  (z -  A ) ‘]-’ 

w e  can  wri te the radiat ively corrected cross sect ion as  

d !$  ( 1 + $ )  ( & # q A ,. 
In par t icular  w e  see  that 

(5.5)  

C T =  
[ 

41r  (2.7 +  l )B(Z  +  e+e - )  
I? ( 2 S 1  +  1 ) (2Sz  +  1 )  1  

a n d  thus at the o ld  peak  ( X  =  0 )  there is a  reduct ion  of the cross sect ion 

(5.6)  

whe re  k =  A /2 is the c m  m o m e n t u m  in  the init ial  state, .I =  1  is the sp in  of the 
p roduced  resonance,  2 S r  +  1  =  2 S z  +  1  =  2  is the sp in  mult ipl ic i ty of the init ial  
part icles, B ( Z  +  e+e - )  =  0 .033  is the b ranch ing  rat io in  the inc ident  channel ,  
W  =  fi is the c m  energy,  a n d  F  is the total width. Wi th  m z  =  91 .17  G e V  
the peak  cross sect ion is 5 8  nb.  T h e  radiat ive correct ions necessar i ly  invo lve 
Q  =  l /137 but  they a re  not  smal l  because  they a re  a c c o m p a n i e d  by  a  la rge  
logar i thm, expl ici t ly in  the combina t ion  

z 0.108.  

T h e  effect of the radiat ive correct ions is ob ta ined  as  a  convolut ion,  us ing  
the resul ts of K u r a e v  a n d  Fad in  (201:  

a ( w ) =  ( 1 + ~ ) f 6 ~ ~ ( ~ ) ~ ~ o ~ W - k ) .  

o ( w )  a,, =  ( l+ ; ) ($>‘* 

=  1 .081  x 0 .678  x 1 .005  

=  0.737,  (5.8)  

that is, a  2 6 %  reduct ion.  In Fig. 5.1 the effect of the init ial  state radiat ive 
correct ion is shown.  

These  resul ts can  b e  ex tended  to inc lude  in ter ference of the Z  with the 
vir tual  pho ton  in termedia te  state a n d  to inc lude  a n  energy  dependen t  width for 
the Z.[19] Wi th  a  full know ledge  of the init ial  state rad ia t ion the l ine shape  for 
the Z  is de te rmined  a n d  it is poss ib le  to show  conv inc ing ly  that’there is n o  r o o m  
for a  fourth spec ies  of l ight neutr ino.  Th is  is seen  in  the data  f rom A L E P H  [21] 
in  Fig. 5.2. 
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Figure 5.1: A comparison of the uncorrected Breit-Wigner shape for the 2 resonance 
(dot-dash) with the fully corrected form of Eq. (5.6) (solid) and the result using 
just first order corrections (dashed). The cross section shown is for all final states, 
including neutrinos. 
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Figure 5.2: Data from ALEPH (211 for hadronic decays of the Z showing fits with 2, 
3, and 4 neutrino species. 
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6 Review of Radiative Corrections Now suppose we calculate a physical quantity like the mass of the W  I In lowest 

Because we believe the Standard Model contains important truths, it is of great 
importance to test it in as great detail as possible, not so much to verify it as to 
find its limitations. The Standard Model is really a theory in that it is completely 
calculable: it is renormalizable. This means we can go beyond leading order 
in calculating the physical observables. Just as quantum electrodynamics was 
established by the agreement between the measured and predicted values of 
g - 2 and the Lamb shift, so we would like to look for measurable electroweak 
radiative corrections. 

The essence of renormalizability is that all physical quantities, like cross 
sections and decay rates, can be expressed in terms of a finite number of initial 
physical parameters, like the masses and coupling constants of the particles in 
the theory. In the Standard Model, as outlined in Section 2, the basic parameters 
that appear in the theory are g, g’, and o. To fix these we need three physical 
quantities. One possible choice is a,, rnz, and mw. Since rnw is not well 
measured, it is better to choose aan, rnz, and GF. Before rnz was well measured, 
it was convenient to use a,, G,=, and some quantity measured in neutral-current 
neutrino scattering. Of course there are other physical quantities that must be 
specified - the quark masses, Kobayashi-Maskawa mixing angles, and the mass 
of the Higgs boson. These are incorporated in a straightforward fashion. 

The weak mixing angle is not to be regarded as a fundamental parameter. 
It may be convenient to introduce sin’ 0~ for the purpose of doing calculations. 
When this is done, it is essential to provide a precise definition. In some a basic 
sense sin’Ow is irrelevant. We can always express any physical prediction as 
Observable = f(a, G~,mz, rnH, mt, . .) without the appearance of sin’&. 

We shall sketch the evaluation of radiative corrections following the proce- 
dure of Sirlin.[S] The basic idea is to say that the parameters that appear in the 
Lagrangian, which we called g, g’, and v *, should be indicated instead by go, g&, 
and u& and regarded as bare parameters. We write them as 

90 = g--&7, (‘3.1) 
g; = g’- 6g’, (6.2) 

V ,’ = v* - &J*. (6.3) 

order we will find 
mZ, = giv,2/4. (6.4) 

In the next order we will find a correction of order g,’ relative to this one. Suppose 
we insist that the actual relation be the one we first obtained in Section 2: 

m2, = g*v*/4. (6.5) 

To do this we can adjust 6g and 6d so that they just cancel the higher order 
correction. Then, to the next order in perturbation theory, EZq. (6.5) is restored. 
Now we only have three 6s to adjust, so we can restore only three of the four 
basic relations we started with in Section 2: 

mZ, = ftg* + d?v*, VW 

m*, = fgv, (6.7) 

GF -=- 

fi 8& (6.8) 

1 1 
gs= -= 

4na 
-$+-$ (6.9) 

We choose to maintain Eqs. (6.6), (6.7), and (6.9). This is the most convenient 
choice although, ultimately, we will specify the physical input in terms of a, GF, 
and mz. 

Now let us write in the mass term of the Lagrangian in terms of the bare 

parameters (c.f. &. (2.1) ): 

L = $ $w;w-p + f (goW+ - gg$J* 
[ 1 , (6.10) 

and then substitute the expressions for the bare parameters in terms of the 
renormalized parameters, g, g’, and v* and the 6s. If we keep only terms first 
order in 6, we have 

4 L: = 2Z,Z” +rn~W~W-’ 

- (yZpZu + 6rnf,,W~Wep - 6miAZpAp 
> 

, (6.11) 
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with 

2 mw = a (g*V*) , 

rns = a (g* + 8) v*> 

6rnL = $5 (g2v2) = ; (v26g2 + g26v2) , 

6m$ = ;6 [(g* + go) v’] , 

where 6g2 means 2969, etc. We have made the definitions 

tan ew = d/g1 
c = cos8w, s = sin&, 

(6.12) 

(6.13) , 

(6.14) 

(6.15) 

(6.16) 

(6.17) 

(6.18) 

(6.19) 

so that always 
m2,fmi = cos*B~. (6.20) 

Now our next step is to calculate the one loop corrections to m&,, rns, and 
e* so that we can adjust the three 6s so as to restore our fundamental relations, 
Eqs. (6.6), (6.7), and (6.9). When we are done, we will find that there are finite 
corrections to (6.8). 

In order to calculate the one-loop effects, we must reconsider the interac- 
tions of the gauge bosons with the particles that might go around the loop. 
The interactions are governed by the covarknt derivative, which enters the La- 
grangian as 3,; p* so we examine 

and substitute again for the bare parameters. The result is 

’ = -4 [a (T+ W+ + T- J+‘-) + E (ear, - Qs”) p + eQ A] II, 

+d [$ (T+ yV+ + T- Y’-) + (6@+) (Tsr. - Qb2) C 

+e (: - 7) (CL - 9s') /I] $. (6.22) 

Here, of course, we mean by 6e 

We recognize the electromagnetic and weak neutral currents: 

J,” = &‘Q$, 

J; = $7” (T3L-~2Q)yi 

In terms of these the Lagrangian is 

(6.24) 

L = -gq(T+ fl’++T- )y-)$-fJ;Z,,-eJ;A, 
Jz 

+$G(T+ r/++T- )y-)$+ A,JJ6e+ Z,J~6Js’ssR 

+J~Z~li~*~(~-~)+J;A,e(~-~). (6.25) 

Now let us return to the question of the mass of the Z. Ordinarily we would 
write the Z propagator as 

& (guy - w7hi) (6.26) 

Here we have chosen the unitary gauge. In another gauge the piece proportional 
to qrqv would be different, but the piece proportional to gPy would be the same. 
It suffices for our purposes to consider just the g,,” part. Now consider the effect 
of the extra interaction implied by Eq. (6.11) as shown in Fig. 6.i. 

There are also contributions from the one loop diagrams as shown in the 
same Figure. The value of the g,,” piece of this contribution, inzz(q’), depends 
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q2-mi 

& (-i6ms) --IL q2-ms 

& (+ikdq2)) -i q=-m; 

Figure 6.1: Diagrams contributing to the 2 mass. The first contribution comes from 
the renormalized mass term. The second comes from the insertion of &n’$. The third 
is the one loop contribution. 

on the invariant mass squared, q2, carried by the incoming line. Th e are addi- 
t tional diagrams that contain repetitions of these basic (one-particle .‘rreducible) 

pieces. If we add the repetitions, we see we get just a geometric series (the 
tensor factor, Q,,” just reproduces itself). The full sum is 

-i 1 -i 
42 - mb I+ 6m$-nzz(G+ = q2 - mi + &im$. - flzz(q2)’ 

3-m: 
(6.27) 

Now if we want the mass of the Z to be rnz we must have 6rns cancel the real 
part offIzz exactly at q2 = mZ,: 

(6.28) 

The imaginary part of Fizz determines the width of the Z. Similarly we must 
chose v= 

am’, = 6 Tg2 = ReIIww(m2w). [ 1 (6.29) 

Of course these cancellations occur only at the specified points, so ffzz and 
fIww will give rise to important corrections when evaluated for other values of 

q2. 
Finally we must arrange it so that the charge of the electron is actually --e. 

To do this, we calculate Coulomb scattering at some low momentum transfer. 
As shown in Fig. 6.2, there are two contributions. One comes from exchange of 
a single photon and the other from a photon interrupted by a vacuum polariza- 
tion bubble. There are other diagrams we can draw, but these do not contribute 
in the limit q2 + 0. For example, a simple Z exchange is unimportant because 
instead of varying as l/q’, it goes to l/m;. The diagram with a bubble con- 
necting one photon and one Z is unimportant because as q2 -+ 0, K,z(q’) + 0. 
As a result we have just the sum 

To get the required form we must demand that 

- 2e6e + e2y Iqz=o = 0. 

(6.30) 

(6.31) 
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Figure 6.2: Diagrams contributing to Coulomb scattering at low q2. 

Now we have determined all three of the 6s: 

6 ;v=g= [ 1 = ReIIww(m2w), 
6e2 - 
e2 

= n&(o). 

We can solve explicitly for 6g and 6s’: 

e2 Re IIzz(m~) 
6g = $n&(O) - 2s3 

[ 

Renww(m&) 
ms - 

4 

e R.eIlzz(m~) 
69’ = &JO) + z 

I 

Fk Ih44m’,) - 
4 4 l- 

We are now in a position to calculate physical processes. 

7 Muon Decay 

(6.32) 

(6.33) 

(6.34) 

(6.35) 

(6.36) 

There are three diagrams to be considered for the decay p -+ evZ7, as shown in 
Fig. 7.1. Each is proportional to the result, M, that would have been obtained 
in lowest order. Summing the contributions shown in the Figure we obtain 

Rehw(m&) - nww(O) 
4 > 

_ M(1 + Ar) ., (7.1) 

This is the result promised in Section 2 and defines Ar. Using our expression 

for Ws 

2 RGzz(m&) - nz.240) 
Ar = -n&,(O)+ sz 

( 4 > 

s2 - C? 
+- 

RefIww(m$) - &w(O) 
S= 4 > 

+“’ n,,(o) 
( 

nww(o) 
s= ----T-- 4 mw > 

I 
(7.2) 

It is a little easier to understand this result if we cast it in a slightly different 
way. Instead of locking at the currents that couple to Z, W, and the photon, 
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The introduction of “newn physics - a heavy t-quark, technicolor, a heavy Higgs 
boson - will change the values of the vacuum polarization bubbles and thus 
change Ar. This induces a change in the value of mw since mz, GF and a are 
fixed. From Eq. (2.14), 

we find 

mZw = 5 ’ (1, J=)rnb, 

6m&/mzw = - ;SZ_~A~. 

(7.12) 

(7.13) 

8 Dispersion Relations 

How are we to evaluate the various vacuum polarization functions, II( The 
standard way is to write down the corresponding Feynman diagram. Here we 
explore an alternative: dispersion relations. The functions II turn out to be 
analytic functions of their argument. Moreover, they have the special property 
that they are mu1 analytic functions. An analytic function f(z) is said to be real 
analytic if there is some interval on the real axis on which f(z) is real. In this 
region f(z) has a power series expansion with real coefficients. It is not hard to 
prove and easy to believe that for a real analytic function f(P) = Y(Z). 

Consider a real analytic function with a branch point at z = a and a branch 
cut running from D to 00. An example might be f(z) = (a - r)” with (I real and 
f defined to be real for z real and z < a. Now Cauchy’s theorem tells us we can 
always write 

where the contour encircles (counterclock-wise) the point z. Now suppose we 
take a contour as shown in Fig. 8.1. Now on crossing from one side of the cut to 
the other the real part of / is unchanged and the imaginary part changes sign 
(because /‘(z) = f(P)). On the other hand, dz’ goes one way below the cut and 
the other way above the cut. As a result, only the imaginary part contributes 

Figure 8.1: A contour useful for evaluating Cauchy’s formula for a real analytic func- 
tion. 
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where Imi(z’) means the imaginary part above the real axis. If f is small enough 
for large (t( we will be able to drop the contribution from the large circle. Thus 
if f is cut from e to co 

f(2) = i Jbn -+&Im/(S). (8.3) 

If the point z is on the real axis and z < a the integral is purely real, as it must 
be. If the point z approaches the cut from above the left hand side will have to 
have an imaginary part that is just Imf(z). The real part will be given by the 
principal part of the integral. 

Now what is the nature of ImI’I(s)? There is an imaginary part to IIzz(s), 
say, only if there is an actual physical state with cm energy squared s into which 
a virtual Z can decay. Thus, technically, IIzz(s) has a cut beginning at (two 
times the mass of the lightest neutrino) 2 x 0, while the cut for IIww(s) begins 
at ma. Let us indicate the threshold generally by sth. Then, if we ignore the 
contribution on the periphery, 

VSO) = i I, &ImWs). (8.4) 

Now we know that ImII is related to real physical processes, but how? We have 
already seen that propagators look like 

i 
s - m2 - II(s)’ (8.5) 

On the other hand, we are used to the form 

i 
s-m2+irm’ (8.6) 

that appears in the Breit-Wigner formula. This suggests the identification 

ImII(s) = -&T(s). (8.7) 

We must write fi instead of m because the bubble doesn’t know the mass 
of the real particle, it knows only about the value of q2 = s. Moreover, we 
must remember that the width of the virtual particle in question depends on 
s. Thus T(s) is to be thought of as the widt,h a Z would have if it had a 
mass squared s. This could be measured, in principle, in neutrino antineutrino 

annihilation! More practically it could be studied in e+e- 
it would interfere with the electromagnetic annihilation. 

annihil$on, where 

For the case of the virtual photon we can prove that 

s2a(e+e-) 
ImC-ds) = - 4xa 

The optical theorem relates the forward scattering amplitude to the total cross 
section: 

ImM(P,,j%Pl,Pz) = -2~Pc&.oc (8.9) 

z --soti (8.10) 

where M is evaluated for the same initial and final spins. If we write M for the 
diagram that includes a vacuum polarization bubble (without it, M is real) we 
have 

- iM = ~(p~)ier,u(p,)~iII,(q2)i?(~)ie~“u(p~)~. (8.11) 

Averaging over the spins, remembering that initial and final spins are the same, 
and dropping the electron mass, 

M = -$TrZlr,d2Y$K4q2) (8.12) 

= FI&Jq=). (8.13) 

Inserting this into the optical theorem gives the stated relation. Analogous 
relations exist for IIww and IIzz. 

If we wish to use the relation between I? and ImfI, we need to calculate the 
width a vector meson would have as a function of its mass. The amplitude for 
the decay of a vector into a fermion - antifermion pair is 

M = +)Yg(gv + gA%)+‘)~r, (8.14) 

where t is the polarization of the vector meson. In terms of these 

r(s) = -& (9; [S - (m - m’)= - 4p2/3] 

+ gi [s - (m + m’)’ - 4p2/3]}. (8.15) 
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9 Heavy t quark 

Using the results of the earlier sections we can now determine the contribution 
a heavy t quark to Ap and thus to the W  - Z  mass splitting. The value of Ap 
depends on II,,(O) - II,(O). We consider contributions from loops involving t 
and b quarks, beginning with ffas. From &. (8.16), with gv = -gA = gT3/2, 
the decay width of a W, of mass squared s into a quark-antiquark pair with 
quark mass m  is 

I-3 = g (1 - n&s/s) , (9.1) 
where the cm momentum, p, is given by 

p’ = (3 - 4m2)/4. (9.2) 

Thus, formally (and remembering to drop the g2 in accordance with our defini- 
tion of II,) 

A  cutoff, A, must be introduced since the integral diverges. This is not a real 
problem since Ap will turn out to be finite. It is simply more convenient to 
calculate IIs and II,, separately. A  tedious but elementary calculation shows 
that for large A. - 

H&O) = -& 
( 

A’-3m21n$ 
> 

Adding the t and b contributions, 

H,(O) = ---& 
( 

A2 - irnf In $ - irn,2 In $ 
> 

(9.4) 

For II,, we consider the decay of a virtual charged W  into t&. For the width 
we have 

r, = g (s - rn: - rnz - 4p2/3) , 

where the cm momentum is given by 

(9.6) 

p’ = s2 - 2s(m: + rnz) + (mf - rnt)’ 
4s (9.7) 

In this way we !ind I 

n,,(o) = -& iI+mr,. $4~~ - 24n-4 + mi) + (m? - 4)’ 

( 
mf+m,2 

x l-p- 
(m: - rnz)’ 

2s > 29 . 

Another tedious, elementary integration gives 

H,,(O) = -& 
[ 
A2 - i(rn: +m:)In--& 

l- 
Combining these results we find [23,24] 

Ap = &  [U,,(O) - U&O)] 

(9.8) 

(9.9) 

3g2 
= 64n2mir 

mf+mz- (9.10) 

The factor of 3 comes from summing over the quark colors. 

For rnr >> mb we have 

This gives a contribution to Ar of 

A r = -?3GFm: _ 
s2 84Jz 

- -0.0105(mt/100 GeV)‘. , 

The corresponding shift in the W  - Z  mass splitting is 

A  
s2 

-%Ar = -180 MeV(mt/ lOO GeW)‘. mw=-l-2s2 2 (9.13) 

The additional terms in the expression for Ar are of the form ff$,(ms), 
fI;,(mk), etc. Their formal expressions separately diverge logarithmically, though 
their sum is finite. However, taking the limit rnz -+ 0 or rnw + 6 in each piece 
introduces no extra singularities. Thus T&(rn~) contains terms like ln(A’/m:) 
and rns/rn:, but not rn:/rni. It follows that the contribution of all these terms, 
which is finite, can be at most logarithmic in m:. 
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10 The Effective Lagrangian 

It is straightforward to calculate fermion-fermion scattering including the one- 
loop corrections to the various vector propagators. Of course, this is not a 
complete calculation of all effects at this order since it ignores vertex corrections 
and box diagrams. Nonetheless, it does contain most of the physics. Moreover, 
the results can be written in an especially clear fashion, namely they are just like 
the lowest level results except that some of the parameters are shifted slightly. 
This approach has been developed and advocated by Lynn and by Peskin and 
their co-workers.[25, 26, 7, 331 

Our approach is similar, but not identical, to that of the originators. We 
shall simply calculate fermion-fermion neutral current scattering. We need not 
specify whether the exchange is in the t channel or s channel. When we are 
done we shall see that the result can be written [7] 

M NC 
d/ = -elQ$Q’ 

-& (T3 - 4Q) -$-+ (T’s - s:Q’) (10.1) 
.  l .  

where the third components of the isospin of the external fermions are T3 and Tj 
and their charges are Q and Q’. At Born level the same formula would hold, with 
ez = e2, s: = sin’&, 2 = cos26’w, rnz = m$, and Z. = 1. It is appropriate to 
recall at this time that we have always 

d4 cos2&/ = - = g2 
4 92’ 

(10.2) 

1 
sin’& = - 

2 
(10.3) 

The vertices we need for the calculation follow from Eqs. (6.11)(6.17) and 
(6.25) and are shown in Fig. 10.1. 

The diagram with a single Z exchange contributes 

M = _ CT3 - s’Q)K - s’Q’) 
q2-rn$ [g2 + 8 - 6(g2 + SRI] 

+ QK - s2Q’) + QV3 - s’&) ,2 

q2-mi 

-i [(e - 6e)J; + e (6g/g - 6g’/g’) Js] 

-ibm$ +i6m~A 

+irlzz +inZA 

w 

+in, 

Figure 10.1: Factors associated with vertices and insertions needed for the radiative 
corrections to fermion-fermion scattering. 

(10.4) 
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The diagram with a single photon exchange gives Now we combine this with the first term in Eq. (10.7) to obtain 

M = -~[e2-6e2] 

$&Vi - s’&‘) + Q’V3 - s2Q),2 
Q2 

(10.5) 

The remaining diagrams have either a 6m type insertion or a vacuum po- 
larization bubble. The diagrams with Z leading in and out of the insertion or 
bubble give 

M = 33-~zQ)(Tj-s2Q’) 
(9’ - mZd2 

(9’ + gR) [bdq2) - ~&dm~)] J10.6) 

Combining this with the single Z exchange gives 

M = _ (T3 - s’Q)(T; - s2Q’) b2 + 8 - 6(g2 + PII 
q2-mS -[nzz(q') -K~z(ml)l 

+&CT: - s’&‘) + Q’V3 - s’Q)~~ 
q2-ms (10.7) 

Similarly, combining the single photon exchange with the diagram with the 
photon vacuum polarization gives 

M = - 

+Q(Tj - s2Q’) + Q’Vi - s”Q) e2 

QZ 
(10.8) 

There remain only the diagrams that mix the photon and the Z. These 
give 

M  = _ Q(T’ - s2Q’) + Q’(T3 - s2Q) e2 
q2(q2 - mZz) 

z nZA(q’) - s,; 

(10.9) 

If we combine the terms with the coefficient Q(Tj - s2Q’) + Q’(T3 - 3’Q) 
from Eqs. (10.7) - (10.9) we find their sum is 

(Q(T; - s’Q’) t Q’(T3 - S’Q)] & [2 (: - y) - $&Ah’)] 

(10.10) 

M = 

x (Ts-s2Q)+ scI-I)2A(q2)-2s2c2(~-~)]Q} 
[ 

(Tj - s2Q’) + scll;,(q2) - 2s’~’ ($s)]Q’}. 

Using the relation 

(10.11) 

(~-~)=-~[Ren~(mZ)_Renw_~m2w’], 

which follows from Eqs. (6.35) and (6.36), we see that 

(10.12) 

sf = s2 - Scrl;A(qZ) - c2 Re nzz(m$) ReIIww(mk,) 
4 4 I. (10.13) 

From F.q. (6.34) 6e2 = e’II&(O). Combining this with Fq. (10.5) we see 
that 

ez = e2 [l + II&(q’) - II&(O)] , (10.14) 

in agreement with the discussion surrounding Eq. (7.9). 

We stiIl have to identify Z. and mf. As it stands there is ambiguity because 
effects can be transferred between Z. and mt. To resolve the ambiguity we insist 
[7] not only that 

mt(m2,) = rni, (10.15) 

but also that 

(10.16) 

This can be done by defining ml through 

(q2 - ml) E (q2 - rni) 
[ 

1 - Uzzcq~! 1 U$zz(m’) + $nzz(q2jlm3, , 1 . (10.17) 

Now Z. is determined by 

&z* = (g2+gR) l- 6(g2+gR) d 
g2 +gR -I- dgz~zz(Q2%n; . 1 (10.18) 

. . 
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Substituting in the values of ef, st, and 2 and using 

s2 - 2 y2+$y = IIL(O) + gz 
I 

Re IIzz(mi) Re nww(m&) 
m% 4 1 , (10.19) 

we find 

2.=1+ 
s2 - 2 
,,%4(q’) + $n2z(42)l m$ - q&?‘). 

AU of the starred quantities of the effective Lagrangian are now defined, so 
we can read off the consequences for a physical quantity like ALR. The formula 
for ALR at the peak of the 2 is obtained just by replacing s* by sz. In this sense 
the effective Lagrangian is just a convenient way of summarizing the one-loop 
corrections to the single vector-exchange graphs. But there is another advantage 
to the formulation: it isolates the large, trivial radiative correction, Ao. 

To see this, consider the formula for sz, Pq. (10.13). The corrections to 
be subtracted from s2 are evaluated at q2 or at rns and if q2 is of the order 
of rn$ these cannot lead to a large logarithm of the sort occurring in Ao = 
II&, -II&,(O). There is a large logarithm that does occur in s2. We see this 
in Eq. (10.3) where Ar appears. Now Ar = Ao plus some other pieces (see Eq. 
(7.11)). Since we understand the contributions to Ao from the known quarks 
and leptons, it makes sense to isolate these. If there is new physics it will make 
its appearance in the remaining parts of the expression. To this end, following 
the lead of Lynn and Peskin [25, 71, we define 

2 1 
s-m=- 

2 (10.21) 

where by aa we mean the value of a(ms) based on the known quarks and 
leptons. This could differ slightly from the actual value if there are additional 
contributions. If we calculate the difference between sf and So,- there will 
be no Ao contribution except from new physics. Indeed, explicitly 

2 s, = 

e2 
+C%2 [ 

II&m;) - 2s2f13Q(m;) - II,,(O) 

mZZ 1 - eziIj,(q2) 

+e2s2 [n&(d) - n&(mi)] . (10.22) 

This is similar to Sq. (5.36) of Hef. [7], but apparently not iden ical to it. 
1 

If we assume that the old physics makes an insignificant contribution then all 
the II can be regarded as coming from new physics. If the same assumption is 
made in Peskin’s formula, then the two agree. In any event, we can rewrite the 
expression make its finiteness manifest: 

2= 2 S. .s,~- + & (Aa- - API 

Se2 [n&d+) - G&‘)] - -&-$,,2(d+ (10.23) 

The finiteness is now easy to demonstrate. The contribution of a single quark 
to II= behaves as aA + bm2 ln(A’/m’) as seen in Eq. (9.4). Taking a derivative 

makes II& more convergent and reduces its dimension by two, so its behavior 
is II& cc ln(h2/m2). Taking still another derivative makes II!& convergent and 
it must behave like l/m’. The term involving II& in Q. (10.23) is effectively 
(rns - q’)lT& and is thus convergent since I&Q and II= have similar behavior. 
The final term, which involves IIj,v,2 receives opposing contributions from the 
T3 = l/2 and T3 = -l/2 quarks. These cancel the ln A2 and leave a convergent 
result. 

11 Technicolor 

The orthodox version of the Standard Model with a single, elementary Higgs 
doublet is by no means the only possibility. Indeed it is both ad hoc and the 
oretically suspect. In principle, it would be much more desirable to have a 
model in which the spontaneous symmetry breaking was the result of dynamics 
- socalled dynamical symmetry breaking.[27, 28, 291 The basic idea of techni- 
color is to introduce a new set of fermions - technifermions - with very strong 
(technicolor) interactions between them. Just as in QCD where the theory of 
(almost) massless quarks develops a vacuum expectation value for izu + ;id, the 
corresponding combination of techniquarks, i?U + BD, will develop a vacuum 
expectation value. This breaks various symmetries. 

We saw that mass terms like ?iiu break SU(2) x U(1) be&se they are 
actually the sum of two terms with T = l/2: 

iiiu = iiLUR + ii@& (11.1) 
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Thus, just like the conventional < 6 >, the technicolor condensate breaks the 
gauge symmetry. 

In QCD with n flavors of massless quarks, there is a large symmetry, 
SU(n) x SCJ(n), that arises because there is a separate flavor symmetry for, 
the left-handed and right-handed quarks. These are separate because the gauge 
interactions preserve the handedness. A mass term couples left-handed to right- 
handed and destroys the (chiral) SU(n) x S/Y(n) symmetry. If all the quarks 
were given an identical mass, there would still be a flavor SCl(n) symmetry, 
analogous to &spin. This would be a vector (as opposed to axial) symmetry. 
The condensate, like a mass term, breaks the chiral symmetry. 

Now the Goldstone theorem tells us that spontaneously broken global sym- 
metries produce massless particles, so we know that the technicolor theory will 
generate massless particles. For example, suppose there are just two technifla- 
vors, U and D. Then there is initially an SU(2) x SU(2) symmetry, which is 
broken to the vector SU(2). The axial SU(2) is lost and its three generators 
must give three massless scalars. But these are just what we need for the l&’ 
and Z to become massive. In this way we can obtain all the good features of 
the standard model without introducing elementary scalars. 

How can we describe all this? Well, it is actually completely analogous to 
QCD and so we can rely on techniques developed long ago. If we were dealing 
with a theory with two massless quarks, U and D, we would have two separate 
isospins that acted on the left-handed and right-handed quarks. We know that 
ultimately we will get three massless technipions so we want to write a theory 
in terms of them, but still displaying the chiral SU(2) x ScT(2) symmet.ry. The 
best way to do this is with a chiral Lagrangian. Let so, a = 1,2,3, be the three 
(techni)pion fields and indicate the 2 x 2 generators of SCJ(2) by 

so that 

T” = TO/~, (11.2) 

Tr T”Tb = $.d, (11.3) 

Now define 
C = exp(i2x . T/f,,) (11.4) 

where fn is a constant, which for QCD is actually the pion-decay constant and 
which for our technicolor model will be determined below. A gcncral element of 

SU(2) x SCJ(2) is specified by a left-handed rotation, L = exp(-i L. T) and a 
right-handed rotation, R = exp(-ion . T). These are the matrices that would 
act on the left-handed and right-handed quarks. How shall we have them act 
on the pions? The solution is [30] 

Cd LCR’=exp(-iar,.T)Cexp(+ian.T). (11.5) 

What is nice about this is that if we have a rotation that is just an ordinary 
SCJ(2) transformation, that is, an isospin rotation, then L = R and C transforms 
in a sensible way, 

c --+ mu-‘, (11.6) 

where U = L = R. We see that C does carry the full SU(2) x SU(2) symmetry 
in that, if we perform two successive transformations we get the same result as 
we would have if we found the product transformation and applied it directly 
to c. 

Let us write a Lagrangian that incorporates the chiral symmetry. The Cs 
are matrices, so we will need to take traces of combinations of Es. Consider, 
for example, Tr CC. Under a chiral transformation this becomes Tr LCR’LCR’, 
which is not the same. On the other hand Tr CC’ transforms properly, Tr CC’ + 
Tr(LCRt)(LCRt)t = Tr(LCR’RC’L’) = Tr CCt. Unfortunately this is useless 
since CC’ = I. It does point the way, however. We take 

(11.7) 

If we expand in powers of the K field we find 

a,,C = i2a,,a. T/f, + . . 

and thus the quadratic part of our Lagrangian is 

(11.8) 

(11.9) 

which is exactly correct for a scalar field theory. On the other hand there is no 
mass term. This is just what we expected: Goldstone bosons. ‘There are inter- 
actions, but every interaction contains some derivatives. Now this Lagrangian 
contains terms with many powers of the rr field. It is not renormalizable. We 
use it only at the Born level. 
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So far we have a theory only of the massless pseudoscalars. We must couple 
it to the gauge theory to learn something interesting. Of the SIi(2) x SU(2) 
currents, only some of them are gauged. In particular, the gauge theory uses 
aI1 the S/Y(2),,, but not all the sum. If we wanted to find the covariant 
derivative acting on left-handed quarks we would write 

D, = 8, + igW, T + ig’B,(Y/2), (11.10) 

where Y/2 would be a 2 x 2 matrix equal to (l/6)1. On right-handed quarks 
we would have T = 0 and the weak hypercharge would be arranged so that it 
accounted for the entirety of the electric charge Q. In terms of the matrices that 
act on the left-handed quarks, we would have on the right-handed quarks, 

D, = a,, + ig’(T, $ Y/2)B,,. (11.11) 

This tells us how to make the covariant derivative that acts on C. Remembering 
that it is R’ that occurs in the transformation law, we take 

D,C = 8,.C + iL,C - XR,, (11.12) 

with 

L, = gN; . T + g’B,,Y/2, 

4 = g’&(T, + Y/2). 

(11.13) 

(11.14) 

Now we can write a Lagrangian with gauge interactions: 

L = <TrD,~(~ux)+. (11.15) 

This isn’t actually invariant under SU(2) x SU(2). The reason is that in R, 
we have TX. This singles out a particular direction. Of course if g’ were zero, 
the symmetry would be restored. What does Eq. (11.15) actually contain 
physically? To find out we must expand through quadratic order in the fields. 
Writing ?r = rr T 

Tr D,C(D”C)’ --( Tr (+2G,%/f, - 2@Z/f,’ - 2Z$,l?/f,” 

+iL, - 2Lr?rlfn - 2iL,%ii/f,2 

-iR, + 2irR,,/f, + 2i??iR,/fi) 

X (-2iP%/f, - 2Pirii/f,2 - 2iiP%/f2 1 

-iLU - 2irLp/fn + 2iiriiLp/f,2 

+iR’ i- 2Rpir/fn - 2iR“ir%/fz). 

(11.16) 

Keeping terms through ir2 and restoring the f,2/4 to obtain the Lagrangian, 

L = Tr ~$“li + $(L,, - R,)(L“ - R’) + f&ir(LM - R’) 
{ 

-ifz[R,,,L”]? - i8,,li[LP+ R”,ii] - (R,,,li](L“,7i]}. (11.17) 

The first term of Eq. (11.17) is just the kinetic energy of the technipions. 
The second term gives mass to the vectors as we see from 

L - R, = gW, . T + g’B,Y/2 - g’B,,(Y/2 + T3) 

= s(T+W,+ + T-W;) + (gW+ - g’B)T,, (11.18) 

and 

z$$ Tr(T+W+ + T-W-)’ = F Tr 2T+T-W+W- 1 

=f,‘s2 4 w+w- - f,‘g’ 8 w:+Y2,. 

(11.19) 

Comparing with Eq. (2.1) we see that for our technicolor model with just one 
technifermion doublet to give the correct maas for the W we need f,, = v. 
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Moreover, the calculation of the 2 mass 

5 Tr(gWs - g’B)“Ti = $(gw3 - g’B)2 

(11.20) 

yields the standard relation: n$/m$ = g’/(g’ + gR) = cos’ 0~. 

The term with &ir(L” -R’) d’ pl y h IS a s ow the W and 2 eat the appropriate 
Goldstone bosons. From Eq. (I 1.18) we see that the charged Ws eat the charged 

technipions and the 2 eats the neutral one. The term involving 8,,ii(L“ + R“, fr] 
would seem to give the couplings of the W, Z, and photon to technipion pairs. 
The only problem is that in our simple model there are only three technipions 
and all of them are eaten. This coupling then is simply part of the trilinear 
gauge boson coupling after the spontaneous symmetry breaking. If we want a 
model with real technipions, we need to start with more technifcrmions. 

A logical choice is to take a full generation of technifermions.[31] We have a 
U and D, each in three ordinary colors, and an E and N, each lacking ordinary 
color. In addition, all couple to the superstrong technicolor interactions. The 
original SU(8) x SU(S) global symmetry is broken by the technicolor c0ndensat.e 
to the vector SU(S). 

Each of the 63 generators of the broken SU(8) presents us with a Goldstone 
boson. Three of these are eaten by the W and Z. We can enumerate the 
Goldstone bosons as follows. There are technipions, which are &triplets, e.g., 
tin, EfJ. Since there are three colors, there are nine QQ technipions, of which 
one is colorless and eight are color-octet. There are t.hree colored Qx triplet,s and 
three colored &L triplets. In addition there is one Lz triplet. Altogether there 
are 16 &triplets, of which one must be eaten. Similarly, there are 16 isosinglet.s, 
except that the combination that is an SU(8) singlet is not a Goldst.one boson. 
In sum there are 16 x 3 + 15 = 63 Goldstone bosons, of which 3 are eaten. 

If we return to our formulas for the W and Z masses, Eqs. (11.19) and 
(11.20), we see that the trace extends over four isodoublets, the three colored 
techniquarks (U,D) and the colorless technileptons, (NJ). As a result, fw needs 
to be only half as large, v/2. 

Our goal is to calculate the tcchnicolor contribution to At- and thus to the 

W - Z mass splitting. Our general expression for Ar, from Eq. ( i .2), is 

s2 - 2 
Ar = -Hk(O) + $f;,(m;) + ---+;y&&) 

+“’ nzz(o) nw;(o) . s2 ( m2Z > (11.21) 
mW 

At this point we have to confess to a swindle. We have contended we can 
calculate the Hs just with dispersion relations. However, this cannot be com- 
pletely true since, for example we must have H,(O) = 0 because of conser- 
vation of the electromagnetic current. Similarly H&O) = 0. These relations 
do not follow from our dispersion relations, which are of course positive defi- 
nit.e and divergent for H,(O) and H&O). If we enforce these conditions, then 
Hzz(O) = (g/c)‘H&O). The final term in Eq. (11.21) is then proportional to 
H,(O) - H,,(O), that is, proportional to Ap. In our model with degenerate 
technimult.iplets this vanishes. Thus, writing z = sin’ Bw, we are left with 

l-z1 
+ 

Im nww(s) -_ 
. 

(11.22) 
z 7T s(s - m;) - s(s -m&) 1 

To evaluate this expression we need the partial widths of the virtual photon, 
!V, and Z into technipions. Let us begin by calculating the couplings of the 
gauge bosons to the technipions from the term 

Trd,,??[L“ + R“,?i] = Tr(L“ + R’)[ir,&%] ; (11.23) 

First we calculate 

L, + R, = gW,, . T -+- g’B,(Ta -I- Y) 

= $T+W; + T-W;) + :(Ta - 2sQ)Z, + 2eQA,.(11.24) 

’ For simplicity, look at just the coupling of the photon. 

-2ieA,TrQ[ir,Pli] = -2ieA,Tra“%[Q,ii]’ . (11.25) 

Now commuting with Q just multiplies each component of the field by its charge. 
For some particular technipion, T, and its antiparticle K, taking into account 
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the normalization Tr T”T* = 6,, we get 

- ieQ,A,(a,cY‘?i; - ~c?‘n,) (11.26) 

where Q2 is the charge of X, in units of e. This is exactly what we expect from 
ordinary electrodynamics. Thus we infer that the coupling is just one-half of 
what we read from EJq. (11.24), so Z couples as 

(11.27) 

andW+as 

andyas 

2-p 
2Jz 

eQ. 

‘(11.28) 

(11.29) 

.4 coupling to a vector of the form 

~l/,(~~Plr~ - ajP?ri) 

gives a decay matrix element 

(11.30) 

M = a~. (p - p’) (11.31) 

where L is the polarization vector of the decaying particle. The angular average 
of the square of the matrix element is 

(11.32) 

and thus 
ll’p” 

lY(V + mr’) = 2 
6ns 

where the mass squared of the decaying vector particle is s and 

(11.33) 

pk = (s - 4m2)/4. (11.34) 

We assume that all the technipions in a single multiplet are degenerate, with 
mass m. Combining the above results we can find the partial widths for photon, 
Z, and W decay. Following [32] we consider technipion multiplets of isospin t and 
identify each member by its third component of isospin, ts and the multiplet’s 
hypercharge y. lhen forZ decay we have, writing sin’ 0~ = 2 

I 
r(z --( n(t,t,,Y),Ti(t,-t3,-Y)) = 

I 
&g [(l/2 - CT)13 - zy/2]2 . 

(11.35) 

Similarly 

l-tw+ + n(t,t3,Y),n(t,--t3+ 1,-Y)) = $$=[t(t + 1) - t3(t3+ l)] (11.36) 

and 

q-y + n(t,t,,y),~i(t,-t3,-y)) =g2& p3 +y/212. (11.37) 

If we sum these expressions over the elements of an isomultiplet, recognizing 
that the mean value of t$ is clearly one-third of T2 = t(l + l), we see that 

(11.38) 

r(w+ + WY),@, 4) = 

r(7 + ~,YUW-Y)) = 

g’&2f+1)[~+$]. 

(11.39) 

(11.40) 

These expressions are to be inserted into EIq. (11.22). Each integral extends from 
the threshold for the production of a pair of technipions, Sag = 4m2. For the 
upper limit we write A , ’ indicating a value above which our description in terms 
of technipions ought to be replaced by a description in terms bf techniquarks. 
This is entirely analogous to QCD where at very low energies e+e- annihilation 
must be viewed in terms of the few-pion final states, while at high energies it 
is viewed in terms of the underlying quarks. For the moment, let us ignore m’$ 
and m&. Then Eq. (11.22) yields the formula of Golden and Adall: 

Ar = gt(t + 1)(2t + 1) *’ ds 3 t.h 
6a2 3 I qmz 2P-T 
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g2 
= 96n2 

t(t + 1)(2t + 1) *n z 
3 4ms 

We shall return to an examination of the limitations of this expression, but 
for the presentlet’sjustestimate its value in the one-generation model described 
above. We follow Ref. [32] by letting A = 47ru, m = mu. Note that Fq. 
(11.41) assumes that the multiplets are not self-conjugate and must be divided 
by two for our 161=15 multiplets. With g2/8 = Gr&,/& = 0.0528 we find 
Ar = 0.0378 and from Eq. (7.13) 

6mw = -644 MeV. (11.42) 

This result [32] is in agreement with the value given by Lynn, Peskin, and Stuart. 
[34] Of course there is arbitrariness in the choice of the values for A and m, 
but nevertheless the shift is quite large and not supported by the existing data. 

12 More on Technicolor 

How can we make the technicolor result more precise? First notice that the 
shift in Ar (or mw) is intrinsically finite, despite the logarithm in Eq. (11.41). 
At high energies the theory is one of techniquarks and since we have a full 
generation of them, the theory is finite. In reality, then, the dispersion relations 
for the various Hs in the combinations we need would actually converge. We 
have simply used a model of non-interacting technipions whose couplings to the 
gauge particles are dictated by the underlying symmetry. How can we make a 
more reliable model? 

The approach of Peskin and Takeuchi [33] is to rely on data from &CD, 
that is low-energy meson physics, and scale it to simulate technicolor. Since 
the technicolor interactions conserve parity and isospin just like &CD, it is 
convenient to express the various currents in terms of vector and axial currents. 
We have the correspondence 

J+ = &W-A+), 

9 1 Jz = ; 5(V”-A+zVQ , [ I 

(12.1) 

(12.2) 

where V+ is the vector isospin raising current, VQ is the electroma etic current, 
and so on. If we use these expressions and again treat mz and m$ as small we 
can rewrite Fq. (11.22) as 

Ar = -g / $ [ImHvv(s) - ImIl,a(s)] 

where II”” = IIvJv,, etc. In obtaining Fq. (12.4) we assumed the technimulti- 
plets were each degenerate so that the average value of TsY vanishes. Restoring 
mz and mZw would induce some small corrections. 

In the model of the previous section only the decays of the vectors into a 
pair of technipions were considered. Since the V -+ PP decay goes only through 
the vector, as opposed to axial, coupling, we treated II, as being zero. Inserting 
the partial width for V + XK from Fq. (11.33), 

r = g’dJ3 
6ns 

(12.5) 

into Eq. (12.4) recovers Fq. (11.41) since summing over all possible technipion 
intermediate states introduces a factor CT: = t(t + 1)(2t + 1)/3. 

More generally we expect decays of the vector particles into multitechnip- 
ion states, analogous to the decays of vector mesons into multipion states. The 
implications of chiral symmetry for such decays was investigated in the classic 
work of Weinberg.[35] The situation here is closely related.[33] We can evalu- 
ate the contribution of vector (technirho) and axial (techni-Ai) states to Eq. 
(12.4) in a simple fashion. The amplitude for a gauge-vector V to decay into a 
technipion pair through a technirho is just 

M= w 
s - m; + ir,m, Spnd . (P - P’) 

w = 
s - rnz + iF,m, 

M 
vn 

where gv gives the direct p - V coupling. Thus 

2 I 
TV(S) = rP (S - rn$:+ r;m; 

= $6(s - ms) 

(12.6) 

(12.7) J-, = evQ (12.3) 
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so for Im II”” the technirho contribution is 

ImlI vv = -*g,26(s - mZ,) . 

A similar formula applies to the axial-vector Al: 

(12.8) 

ImII.4.4 = -ngi,h(s - mX,) . 

Substituting in Eq. (12.4) we get a contribution to Ar of 

(12.10) 

This leaves us with the problem of determining the masses and couplings 
of the technirho and techni-Al. Such considerations would take us too far 
afield. An attractive approach [33] uses the Weinberg sum rules and the KSFR 
relation[36], both of which were developed for ordinary pion physics in the 1960s. 

13 Observables at 2 

After this long interlude on technicolor, let us return to the world of experimen- 
tal measurement. Experiments at LEP and SLC should give us data on Ftot, 
P,,/F~d, ALR, AFB, P(T), etc. Each is sensitive to mt,rnH, and new physics. It 
is worthwhile understanding how well we might measure some of these quantities 
and to what extent such measurements would actually test the standard model. 

Let us consider in particular the left-right asymmetry: 

A -C'L-bR 
LR- - 

aL+uR' 
(13.1) 

The left-right asymmetry is not a parity-violating effect. It receives con- 
tributions from the twophoton intermediate state. Setting that aside, we are 
interested in the amplitude from the 2 and from Z-photon interference. It 
is easiest to analyze the process by considering one helicity at a time. For 
eieft + ~~~~ the amplitude is proportional to 

Q?=QiJ QZeQt’ i 
S s-ms+irmz’ 

(13.2) 

where in the obvious notation Qp gives the coupling of the left-handed lectron 

to the Z, etc. In every instance we specify the helicity of the fermion inot the 
antifermion). The relative importance of the 2 relative to the photon is given 

(= l-ti-i?) 
( 

-1 
S 

(13.3) 

In terms of this variable we can calculate simply the cross sections for the four 
relevant processes. Like and opposite helicity combinations have characteristic 
angular dependences that reflect conservation of angular momentum: 

lM(eief --* f~ik)l~ a IQZ’QZ’ + EQ?Q?I’ 

x(1 + cos0)2, (13.4) 

IM(eteZ --t ~RJL)I' a IQFQT! + tQf?Q~‘12 
x(1 -co?@, (13.5) 

IM(eiet 4 ILJR)I~ 0: lQ’KQtJ + CQ~QfJ12 
x(1 - cos8)2, (13.6) 

IM(eiet + JR~L)~' = IQFQ’,I + tYQ~Q~‘l’ 

x(1 +cos8)2. (13.7) 

From these we can determine both the forward-backward and left-right 
asymmetries. In particular, near the Z peak, where the photon’s contribution 
can be ignored, we have 

3 
AFB = -’ 

Qfc’ _ Q?’ Qf” - Q;” 
4 &fez +&A” Q;” +Q;"' 

ALR = 
QF= _ Qg= 

QECl + Qf?= 

(13.8) 

(13.9) 

A careful evaluation of radiative corrections shows that we s 41 ould use an 
effective I = 0.235, which gives ALR = 0.12, AFB = 0.011. 

How well can these be measured? Measurement of the left-right asymme- 
try requires counting the number of observed events with left-handed electrons 
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N = 104 10s lo6 

6P/P = 0.05 0.023 0.009 0.006 
6P/P = 0.03 1 0.023 1 0.008 1 0.004 
6PIP = 0.01 I 0.022 I 0.007 I 0.003 I ’ I 

Table 13.1: Uncertainty in ALR from statistics and limitations in the accuracy of the 
determination of the polarization, P. The value of N is the number of observed 2s. 

Table 13.2: The uncertainty in sin’& obtained from the measurement of ALR using 
the results of Table 13.1. 

incident versus the number with right-handed electrons incident, assuming the 
integrated luminosity was the same for the two. Then if the degree of polariza- 
tion is P 

(13.10) 

Uncertainties are introduced in particular by statistical fluctuations and 
errors in the measurement of the polarization. These introduce an uncertainty 

in ALR 

(13.11) 

Taking as nominal values 

P2 2: 0.20; ALR = 0.12, (13.12) 

statistical error *o.d02 

systematic error due to uncertainty in mz f0.0015 
systematic error due to uncertainty in QED correction f0.002 
systematic error due to apparatus effects f0.001 

total f0.0035 

Table 13.3: Anticipated errors in measurement of the forward-backward asymmetry 
in the muon tinal state at LEP.[37] 

From Eqs. (13.8) and (13.9) we see that for a measurement of the forward- 
backward asymmetry with uncertainty AAFB to be equivalent to a measurement 
of the left-right asymmetry, we must have 

AAFB = @LRAALR 

= O.l8A&n, (13.13) 

so the anticipated LEP result would have the value of a left-right asymmetry 
measurement with AALR = 0.019, a result that could be achieved at SLC with 
somewhat more than 10,000 observed Zs. LEP itself might be able to obtain 
polarized beams and measure ALR with both high statistics and high preci- 
sion determination of the polarization, as discussed by Treille at this summer 
school.[38] 

we obtain the results shown in Tables 13.1 and 13.2. 

As a point of comparison, consider the capability of LEP in measuring the 
forward-backward asymmetry.[37] 
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14 Mixing with a New 2 

We have discussed the possible signatures for new physics through radiative 
corrections to the standard model, but a more direct manifestation would be 
the mixing of the Z of the regular with a massive one. It is not simply idle 
speculation to talk of extra Zs since the SU(3) x SU(2) x U( 1) model surely 
appears incomplete. Models with SO(10) or I?s as symmetries have additional 
neutral gauge bceons, which could mix with the ordinary Z. Of course, the 
most direct evidence for such a Z’ would be its direct observation. The Fermilab 
Tevatron is the best place to look right now and CDF would probably have found 
a Z’ with a mass less than about 400 GeV or so, the actual limit depending on 
the couplings of the new Z to the fermions. 

In analyzing the effect of a new Z at the Z peak it is important to keep in 
mind how the data are actually used. Typically the mass of the Z is interpreted 
by inferring a value for sin’&, but the relation used to do this is true only 
in the standard model with a single Z. As we shall see, this incorrect value of 
sin’&, as well as the mixing itself, both contribute to the shift of observables 
from the values predicted by the standard model. 

Let us define quite generally a mixing angle X  between the Zra from the 
standard model and the new Z, that gives the physical states: 

Zl =cosX Zl0 +sinX Z,, (14.1) 

Z2 = -sinX 2,s +cosX Z,. (14.2) 

The new Zs couple with new charges that are linear combinations of the 
charges to which the unmixed 2s coupled: 

Q{ =cosXQ{, -sinXQ&,, (14.3) 

Q{ =sinXQ{,, +cosXQ&. (14.4) 

Here Q{a is the standard neutral current charge: 

Q{. = sin ew:os ew (TiL - sin2 ~wQ-) . 

Because of the mixing, there is a mass shift, 

M; - Mf, x -X2(M& - Mf,), 

(14.5) 

(14.6) 

z -X2(M,2 - Mf). (14.7) 

Now having measured the physical Z mass we would deduce the wr-eng value 
of sin’& = 5~: 

ir=;(l-J7c$gy). (14.8) 

The correct value could only be deduced from the unmixed mass: 

xw=;(l-pfy;~~;~). (14.9) 

Thus there is an error in the deduced value of zw 

6 xw = xw-iw (14.10) 

x -x2. xw(l - xw) M; -M: 
I-2xw --g-' 

It is conventional to take as the parameters of mixing the mass of the heav- 
ier Z and the mixing angle X. I find that this is really not the most convenient 
approach. Taking 61~ and X  as the two parameters for the mixing has some 
advantages over the standard choice of M,2 and X. The deviations in the observ- 
able quantities in e+e- annihilation at the Z are linear in 6xw and X, so each 
measurement yields a linear band as an allowed region in the 61~ - X  plane. In 
addition, the allowed range will turn out to be a finite portion of the plane. The 
curves of fixed hfi are parabolas and it is not hard to read the value of Mz from 
the plot. 

As an example of a model with extra Zs let us consider Es., [39, 40, 411 
One possible scheme involves a twostage breaking, 

E6 -+ SO(10) x U(l)+, 

SO( 10) --+ 9J(5) x U(l),, (14.12) 

that provides two potential Zs, Z+ and Z,, one for each U(1) factor. String 
theory suggests that a particular linear combination, Z, is the lighter of the two 
new physical Zs. The couplings of Z,, are related to those of Zx a&d Z, by 

Q, = -@QG + @Qx. (14.13) 
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The U(l)s that are associated with the new Zs both commute with SU(5) 
so the new charges of all the fermions in a single representation of SU(5) are 
identical. Explicitly 

Qdei,et,auL,..) = J5_/72 x (e/cosO~~), (14.14) 

QX(u~,&.e~,%,) = --J1/24 x (e/cos&), (14.15) 

Qx(e~,vL,&,) = 3&x (e/cosOw), (14.16) 

Qv(uL,&,ei,%,) = -(I/3) x (e/-=x&), (14.17) 

Q,dei,w.,&) = (l/6) x (e/m&). (14.18) 

If we restrict ourselves to measurements at the peak of the Z and ignore 
the purely photonic background (the interference term vanishes at the peak of 
the Z since the Z amplitude is purely imaginary while the photonic amplitude 
is purely real) all observables can be expressed in terms of partial widths to final 
states with fermions of specified helicities. Let us then determine the effect of 
Z mixing on each of these partial widths. 

The real partial width is given by 

(14.19) 

while the width inferred from the measured Z mass and the standard model is 

(14.20) 

with Q{c evaluated using 5~. in place of .rw. To first order in 6x~ and A, 

6rJ -= 
rJ 

rJ - FJ = x aIn&{ 

rJ 
- + 62w!g$, 

ax 
(14.21) 

E -2XqJ + 6X1(iTJ, (14.22) 

where 

(14.23) 

Table 14.1: Values of the weak neutral charge Q{c,, branching ratios in the standard 
model, and the coefficients rf for the various fermions, f. 

is the ratio of the new Z charge to the old Z charge, and 

rJ = -1+ 2xw ‘JQ!n, 
~(1 - xw) - T,:, - xwQim ’ 

(14.24) 

This latter quantity gives the importance of the shift in the apparent sin’ 0~ 
and does not depend on the couplings of the new Z. Its values fcr the various 
fermions are given in Table 14.1. The effects of the new Z coupling; are reflected 
in the coefficients qJ, shown in Table 14.2. 

The total width is given by 

r = 3(r,- + r,+ + ry + rd + r,) + 2(r, + rt). (14.25) 

It is simple to see that the deviation in the total width, that is, the difference 
between the standard model expectation based on the measured value of the Z 
mass, and the correct value is given by 

sr r-F -=- = 
r r 

-2A [3(q=F + q’+Be++ q”B” + q%IfP + qW) 

+2(q”B” + qw’)] 

+6x,y [3(r=B’- + r-c+ Be+ + rYBY + rdBd + r W) 
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q{ q; s,’ 
e- -1.12 -0.48 -0.30 
e+ 0.42 -0.54 0.69 I ! I 
" 1 0.59 1 0.26 1 0.16 

u I -0.29 I 0.37 I -0.47 

I 
ij 1 -3.8 1 -1.63 1 -1.03 

Table 14.2: Values of the ratio qJ = Q&/Q{, of the neutral weak charges for Z,, Z*, 
and 2, for the various fermions, f. 

+2(r"B" +m’)] . 
(14.26) 

From Tables 14.1 and 14.2 we find for the three cases of Z,, Z.+, and Z, respec- 
tively, 

E = -2x 
r (14.27) 

From the data reviewed in Section 2 we see that the total width is known 
to about 1%. Supposing that we have perfect accord with theory, there is a 
constraint on X  and 6xw: 

I 1 - 3.976xw < 0.01. (14.28) It follows that the deviation of the asymmetry is given by : 

In Figures 14.1, 14.2, and 14.3 wm e show the constraints from the total width 

measurement on the Z,, Z+, and Z,. 

As discussed in Section 12, the left-right asymmetry is given by 

OL-CR ALR = -. 
ffL-+‘JR 

(14.29) 

0.01 - 

I 

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 
-6X, 

Figure 14.1: The 6zw - X  plane showing the region that would be allowed by a 
measurement of R, to 1% (between the dotted lines), by a measurement of ALR to 
*0.025 (between the dashed lines) or to 0.003 (between the inner dashed lines), and 
a measurement of the total width to 1% (to the left of the dot-dash line) for the 2,. 
From outside to inside, the parabolas indicate Mz= 200 GeV, 400 GeV, and 600 GeV. 

This asymmetry depends only on the couplings of the 2 to the electron and 
clearly is given by 

A _ r,- - r,+ 
LR - re- + r.+ ’ 

__ = ALR-ALR ~ALR 
ALR ALR 

= -2++(~+-) 

(14.30) 
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Figure 14.2: The 6rw - X plane showing the region that would be allowed by a Figure 14.3: The 6rw - X plane showing the region that would be allowed by a 
measurement of R, to 1% (between the dotted lines), by a measurement of ALR to measurement of R, to 1% (to the left of the dotted line), by a measurement of ALR to 
*to.025 (to the left of the right dashed line) or to 0.003 (to the left of the left dashed f0.025 (below the upper dashed line) or to 0.003 (between the indicated 
lines), and a measurement of the total width to 1% (to the left of the dot-dash line) dashed lines), and a measurement of the total width to 1% (to the left of the dot-dash 
for the 2,. From outside to inside, the parabolas indicate L’s= 200 GeV, 400 GeV, line) for the 2,. From outside to inside, the parabolas indicate ML!= 200 GeV, 400 
and 600 GeV. GeV. and 600 GeV. 

= -2Bef;:;c+* [-2X(qe+ - qc-) + Sm(re+ - F)] (14.31) 

Using Tables 14.1 and 14.2 for Z,, Z,, and Z,, 

z=-4.122[-2A{ -O~~~)+&w(l6.l)] . (14.32) 

-0.02 
0.0000 0.0005 0.0010 0.00 15 0.0020 0.0025 0.0030 

The constraint from measurement of ALR to ~ALR = 0.025 gives 

The measurement of R, = r,/ r,,,,d = k?,,/Bbd provides an independent 
test of the standard model. The deviation in R, is 
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I (14.34) 

Here I’” represents the partial width for Z + uL&. The coefficients 2 and 3 
arise from the number of generations that contribute. Using the values in Tables 
14.1 and 14.2, 

6R, = -2x 
-0.39 

R, i i 
-0.43 + 6xw(-5.74). 

0.10 
(14.35) 

Constraining this by a 1% measurement gives the band 

IfA ( ‘;;;; ) + 6rn-i-5.74)1 < 0.01. (14.36) 

All of these results are displayed in Figures 14.1, 14.2, and 14.3. 

In models where there are extra Zs but no extra Ws the W mass is inde- 
pendent of the Z mixing angle. Since the Z mass is always constrained to be 
its measured value, the Z mixing then has the effect of shifting the mass of the 
W. Since the W mass is inversely proportional to xw for fixed G,P 

6xw 26mw -=-- 
xw mw 

(14.37) 

Recent results from CDF and UA2 were reviewed by Froidevaux who cited 

1421 

mw CDF 
= 0.8775 f 0.0047 zt 0.0021, 

mz 
rnWU.42 - = 0.8831 zt 0.0048 f 0.0026, 
mz 

from which he concluded, perhaps a bit optimistically, 

mw = 80.07 f 0.22 GeV. 

(14.38) 

(14.39) 

(14.40) 

This provides a constraint -6s < 0.0013. In addition CDF wi 1 set an 
explicit constraint of approximately I 

m.p < 400 GeV, (14.41) 

though careful analysis would set different limit for each type of Z’. 

Referring to Figures 14.1, 14.2, and 14.3 we see that these are powerful 
constraints indeed. For example, consider Z,,. Here the measurements of R, 
and ILor provide no new limitations after the results from the hadron colliders 
are imposed. On the other hand, a high precision measurement of ALR with 
6&n would significantly restrict the region in the X - 62~ plane. 
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15 Summary 

High statistics, high precision measurements at the Z are a primary means of 
searching for deviations from the standard electroweak model. To date no such 
deviations have been found, nor have any signs of the the much-awaited Higgs 
boson been seen. Improved data will lead to more and more restrictions on 
hypothetical models such as technicolor and multiple Zs. Of particular interest 
is the measurement of the left-right asymmetry using polarized electron beams. 
Complementary information from hadron colliders can provide lower limits for 
extra Zs and measure accurately the msss difference between the W  and the Z. 

The analysis of these data call for careful work on radiative corrections. 
The initial state radiative corrections can be understood quite easily and sim- 
ple analytic expressions exist that are rather accurate. The true electroweak 
corrections are more complex, but they are dominated by corrections to the 
propagators of the gauge bosons. These can be pictured easily by considering 
the imaginary parts, which correspond to physical decays of the gauge bosons 
(albeit of variable mass), and then obtaining the real parts using dispersion re- 
lations. This not only provides a convenient conceptual framework, but allows 
the consideration of strong interactions, like those of technicolor. 

To test the standard model it is necessary to pose an alternative. A  partic- 
ularly interesting alternative is furnished by adding an extra Z that mixes with 
the Z of the standard model. Aside from the couplings of the new Z, there are 
two parameters to consider, a mixing angle X  and the mass of the heavier Z. 
The mixing leads to a shift in the mass of the lighter Z and a consequent shift 
in the value of sin’&. It is easier to analyze data using as the parameters X  
and this shift, 62~. Each experiment at the Z yields an allowed linear band in 
the X  - 62~ plane. Already the data severly restrict this class of models for Zs 
that arise from I& theories. 
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ABSTRACT 

To go beyond the LEP 1 programme, one can 

1. increase the c.m. energy; 

2. increase the luminosity, an option technically related to the previous one; 

3. increase the sensitivity to possible deviations from the Standard Model by 
polarizing the beams. 

These upgrades open up the way to many possibilities for. physics concerning 
accurate measurements as well as searches for new effects. They also require, 
from the theoretical and experimental points of view, several improvements and 
changes. These various topics and their interrelatedness are reviewed and dis- 
cussed. 

1 INTRODUCTION 
In these lectures I would like to discuss how the standard CERN LEP pro- 

gramme, which started one year ago, could be developed’and improved. In spite 
of its rich potential, which has been thoroughly explored during the course of sev- 
eral workshops, the LEP 1 era has limitations for several domains of interesting 
physics. These limitations are due either to the insufficient available energy, or to 
a lack of statistics, or to a non-optimal intrinsic sensitivity of the measurements. 

Before embarking on physics (in Section 2), a few basic facts about the LEP 
machine, its present performances, and its use are reviewed, so that the problems 
encountered in the various options can be better understood. In Section 3, I do 
the same for the experimental and instrumental aspects, focusing on a few critical 
items. 

In Section 4 the LEP 1 programme [1,2] is summarized, with its dual aspect of 
accurate measurements and direct searches for new pheno’mena; emphasis is laid 
mostly on new ideas or computations that have occurred since the first Workshop 
[l]. The results obtained so far are briefly reviewed. 
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In Section 5, after giving a short description of what could be the pretzel LEP 
(i.e. multibunch operation), I discuss what should be the impact on physics if 
the luminosity were to be increased by an order of magnitude, on or near the Z 
peak, with respect to accurate measurements, rare decays of the 2, and fermion- 
antifermion physics, especially beauty-antibeauty. The experimental implications 
afe also briefly discussed. 

Section 6, inspired mostly by Ref. [3], summarizes the physics that will be 
accessible at LEP 200: W pairs, potential discoveries [in particular, in the su- 
persymmetric (SUSY) Higgs sector], and accurate measurements. Some technical 
aspects of the required RF system are described. The effect of the actual choice 
of the energy end-point on the physics potential is briefly discussed. ’ 

Section 7, after recalling that spin is at the heart of electroweak interaction, 
describes how longitudinal polarization of LEP beams could improve the qual- 
ity of our test of the Standard Model (SM) [4]. By combining different types 
of measurements, deviations from the SM can be unambiguously attributed to 
specific sources of new physics. However, building up, maintaining, rotating, and 
exploiting polarization properly is certainly a non-trivial enterprise: the problems 
encountered and their possible solutions are described, as well as the recently 
started R&D programme that led to a first observation of transverse polarization 
at LEP. 

2 SOME ASPECTS OF THE LEP MACHINE 

2.1 Synchrotron Radiation and its Effects 
Synchrotron radiation has both positive and negative aspects for circular e* 

machines. The negative side is due to energy dissipation. About six photons are 
emitted per tesla metre and per electron, with a spectrum governed by the critical 
en-u [51, 

where 7 I E/m. and p is the radius of curvature. For LEP at the Z peak, E,,,, 2 
100 keV. The loss per turn is a -y’/p. Although this loss amounts to only 130 MeV 
at the Z peak, it becomes 2.8 GeV at fi = 200 GeV: it is therefore hopeless to 
think of getting much beyond this energy witha circular machine whose radius and 
cost would grow as E*. Synchrotron radiation is sharply collimated (0, z l/y), 
which helps when designing protection against it. A 100 keV photon flux is 
attenuated by a factor of - 200 through 1 mm of lead. In 1 m of a typical gas for 
a time projection chamber (TPC), the probability that such a photon interacts, 
giving a small ‘spot’, is O(l%). We can go quite far in ‘guesstimating’ the fluxes 
and effects of synchrotron radiation by applying a few rules of thumb: for instance, 
by adopting an albedo of - 1 for scattering at grazing angles, and of - 1Yo for 
large-angle (more than a few milliradians) or backward scattering. 

The loss of energy due to synchrotron radiation has to be compensated for. 
This is the role of RF cavities, which are grouped in a number of RF stations. At 
LEP 1, two straight sections (2 and 6) have RF stations symmetrically located on 
each side of the intersection point. For higher energies, the RF power will have to 
be more uniformly distributed around the machine; this implies the installation 
of cavities in the four experimental zones in order to avoid optical problems due 
to a local mismatch between the energies in both beams (Bassetti effect [S]). 

To compensate for the energy loss, an accelerating field E,, has to be present 
over a length 1. For fixed 1 the required field scales as - Et,,. The power 
transferred to the beam is 

P beam = 2IbedLls~n 4 , 

with sinb, not far from unity. It can be seen that an increase of beam current 
I- as well as of beam energy requires more power. At present, the copper RF 
cavities are at room temperature, with E,, N 2.5 MV/m and a total length 1 N 
270 m for 128 cavities. To reach higher energies and/or current, they will have 
to be replaced by superconducting (SC) ones [7], and two varieties have been 
tested: pure niobium, and copper coated with niobium. The future set of cavities 
will be of the second type. We will come back to this question in Section 6. 
The acceleration yield z %,,/P,,, should go from - 10%. (normal cavities) to 
- 50% (SC ones). 

Another important aspect of the RF cavities is their transverse impedance, 
which governs the way in which the beam acts on itself through its surroundings. 
The main limitation on the current is indeed an instability due to the transverse 
coupling mode, i.e. a short-range wake-field effect [S]. The instability is reached 
for 

1 
I ‘bresb a Eb=mC, ,&Y,(o) ’ 

where K,(o) is the factor of transverse loss for element i, and /?, is the p function 
at its location. The limitation occurs at the.lowest energy, i.e. at the energy of 
injection. Of all the beam elements, the Cu warm cavities have the biggest A’ 
factor, whereas that of the SC cavities is much smaller (five to six times). To be 
able to reach currents that are larger than the planned one (3 mA per beam), SC 
cavities are required instead of warm ones. 

On the other hand, synchrotron emission.damps the oscillations of the beams 
in all three degrees of freedom. The damping times of horizontal betatron oscilla- 
tions and synchrotron oscillations are coupled, and their ratio can be adjusted by 
varying the damping partition numbers J, and J., related by J, + J, = 3. With 
a horizontal damping number J=, the horizontal emittance leads to a size or 191: 

where Q is the tune. 
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2.2 Luminosity I 
The most important factor is the luminosity, expressed by 

. 
L=&, 

= Y 

where N is the total number of particles per beam (which is why the number of 
bunches 4 appears in the denominator), o,,v are the r.m.s. of the beam transverse 
dimensions (the shape is assumed to be Gaussian, z is horizontal, y vertical), and 
f is the revolution frequency. 

In LEP 1 with four bunches, where f = 10.8 kHz (one turn in 92 ps, one 
crossing every - 23 ps), N = 1.71 x lO’r, o, = 250 pm, and or = 15 pm, we 
find the canonical peak value of 

L = 1.7 x 103’ cmm2 s-i . 

An important parameter is the beam-beam factor c, which measures the tune 
shift (change in the number of betatron oscillations) induced by one beam on the 
other: 

C = N~.P;Ph,7w, , 

where re is the classical electron radius. 
If conditions are such that the beam-beam limit is reached, the luminosity can 

be re-exuressed as 

where Ii, is the current per bunch. An interesting point is that [ seems to have 
about the same value at various rings [lo]. 

2.3 Other Parameters 
With an average value for the vacuum already twice as good as the design 

value of 3 x lo-’ Torr, the lifetime will ultimately be dominated by beam-beam 
bremsstrahlung and be of the order of * 5 h. 

The dispersion in energy is the result of an equilibrium between excitation 
due to synchrotron quantum emission and damping due to synchrotron radiation. 
This is analogous to the model of a damped harmonic oscillator with stochastic 
excitation. The dispersion oE is w -y2 and reaches 200 MeV for Abeam = 100 GeV. 
This fact will be of deep concern when we consider the prospect for polarization. 

2.4 Present situation 

At the time of writing-one year after the start-up of LEP-the luminosity 
is - 6 x 1030 cmm2 s-’ (one third of the design). The total beam intensity has 

reached 4 mA. The lifetime is excellent (up to 10 h). The limitation in luminosity 
is due to a beam-beam effect that occurred at a lower intensity than was expected: 
above N 0.25 mA per bunch, the weakest bunch is exploded by the most intense 
one. There is an improvement when the current decreases, so that the intrinsic 
luminosity (L/I1 x 12) increases with time. The equalization of the intensities 
of the various bunches, the choice of different optical tunes, etc., are possible 
remedies, which are being or will be tried progressively. 

Another unexpected fact is the presence, all around LEP, of a weak multipo 
lar magnetic field due to a layer of nickel which was deposited on the vacuum 
chamber and which unfortunately became magnetized. This may have harm- 
ful consequences, at least for polarization studies. Attempts to demagnetize the 
chamber are under way; meanwhile, the optics is being modified in order to make 
the performance less sensitive to the parasitic field. 

3 THE EXPERIMENTS 
It is beyond the scope of this lecture to describe here the four complicated 

detectors (ALEPH, DELPHI, L3, and OPAL), so I will focus on just a few points. 
In the standard LEP 1, the bunches collide every 23 ps in the centre of the 

detectors. The size of the ‘diamond’ should be typically oz = 250 pm, ov = 
15 pm, 0, z 1.5 cm. 

3.1 Background 

The background is synchronous with the bunch crossing. Synchrotron radi- 
ation, although very efficiently shielded by collimators [ll], can nevertheless im- 
pinge on the vacuum chamber in the experimental region and be scattered into 
the detector. With the present diameter (16 cm) of the vacuum chamber and the 
optimal collimator setting, this background is negligible, except during particular 
operations such as squeezing the beam. 

Another type of background is due to beam-gas interactions, i.e. electro 
production. With such a good vacuum, the rate is small, and the resulting 
interactions-asymmetric and involving only low-energy particles (5 1 GeV)- 
are easily identified. Electrons lost out of momentum are a potential problem for 
the small-angle normalization devices only. 

For synchrotron radiation, however, the situation gets rapidly worse if we try to 
decrease the size of the vacuum chamber. A diameter of 12 cm should still be quite 
safe, but a further reduction in dimension, especially in the horizontal plane, would 
lead to a dramatic increase in the rate of synchrotron radiation into the detector. 
Figure 1 gives the result of -an exercise made by Ritson and von Holtey [12], 
following earlier work by Roudeau [13]. Th e rate of synchrotron radiation arriving 
at the experimental region for standard LEP 1 running is - lO’/s, 100 times more 
than with the present vacuum chamber. Whether this corresponds to the ultimate 
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3.3 Long-Drift Devices 

Fig. 1 Minimum radius foreseen for the vacuum chamber at LEP (from Ref. [ 121): 
a) no mask, b) with masks. 

tolerable level is certainly debatable and detector-dependent. Nevertheless, it 
appears that even with masks (Fig. lb), there is no possibility of getting much 
below f3 cm vertically and f5 cm horizontally. For the next year of running, 
thin Be vacuum chambers of r N 5 cm are being prepared. We will return to 
this problem in Section 5, where, having in mind bb physics, we will discuss what 
could be an optimal microvertex arrangement at LEP. 

3.2 Normalization of the Detectors 

All the detectors have a small-angle tagger (SAT) detecting Bhabha scattering 
in the angular region 50-150 mrad (except L3, whose SAT reaches a minimum 
angle of 25 mrad). The rate is about equal to the rate of Z’s at the peak, so that 
normalization with the SAT contributes to the statistical error (by a factor of 
fi for DM, except for L3). These are quite sophisticated instruments, combin- 
ing segmented calorimetry and, at a later stage, accurate tracking; the absolute 
systematic errors have already been brought to the percent level. 

The experiments usually have a very small angle tagger (VSAT) (5-10 mrad) 
with a much higher cross-section (20-30 times higher) and no longer any problem 
of statistics. However, as will be discussed in subsection 7.5, the systematic errors 
scale roughly as N l/e, and using the VSAT will be a priori more tricky than 
using the SAT. 

To get fine-grained space-point information from these huge barrel detectors, 
it is tempting to use the so-called time projection method. The principle is simple: 
the ionization of tr_adts in a gaseous volume is drifted along the axis of the barrel 
(which is also the B axis) by a longitudinal electric field (Fig. 2). The trajectories 
are thus projected onto the end-plates of the barrel, where planar detectors are 
located. The two transverse coordinates are obtained in the usual way (wire-pad 
arrangement); the longitudinal coordinate is obtained from the measured drift- 
time once the drift velocity is known. 

This is the principle of the TPCs of ALEPH and DELPHI. In DELPHI, both 
the barrel electromagnetic (e.m.) calorimeter (the High-Density Projection Cham- 
ber) and the ring-imaging Cherenkov (RICH) b arrel counter also use this method. 

As the speed of the drift is typically 2-5 cm/ps, for a drift length of l-2 m, the 
drift-time is quite substantial (- 30 /IS for the RICH). When an event candidate 
occurs at crossing i, crossing i + 1 has to be lost if we are interested in the result 
of the full drift. With a smaller interbunch spacing, even more crossings would be 
lost. Since at LEP all crossings-or nearly all-are empty, this is of no importance 
as long as the number of candidate events (Level-l trigger) is not too high (1 kHz. 
would give a 2.5% dead-time). The trigger-l decision has obviously to be made 
with faster detectors not involving the long-drift information itself, which can only 
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Fig. 2 The Time Projection Chamber. 

be used at Level 2 to refute or confirm the previous decision. Level-l rates are 
quite detector-dependent. 

Long-drift devices have to be gated: this means that ionization created in them 
should be forbidden to enter the detector area unless it is thought to contain inter- 
esting information. This is done by acting on the E field in a transfer region. Two 
attitudes are possible: either i) the gate is opened before each crossing (4 x lo4 
times per second) and closed immediately if there is no Level-l trigger for the 
crossing (the most frequent case), or ii) one waits for a Level-l trigger to open the 
gate. With the first choice, the gate remains open during a substantial fraction 
of the time (- 10% under present conditions), but no information is lost because 
the opening has been anticipated. In the second case, the gate nearly always stays 
closed, but even with a very fast Level-l answer it is not possible to avoid losing 
information at the edge of the detector. It may be that a third solution, in which 
the gating is operated as a diode, will be the right one. 

The rate and speed of the Level-l trigger and the gating methods will be of 
deep concern for multibunch operation at LEP. 

4 THE STANDARD LEP PROGRAMME 
The programme of LEP 1 is vast. Discoveries at the Z peak are possible in 

several domains (Higgs, supersymmetry, compositeness, etc.). Some could have 
been achieved with 10s to 10’ Z, but up to now nothing new has been reported. 
Others will need 2 10’ Z. In the case of SUSY, the non-observation of at least a 
scalar that is lighter than or not far above the Z would be a hard blow to that 
theory or at least its minimal version. 

Even if nothing appears directly, a whole set of accurate measurements (prop- 
erties of the Z resonance, various asymmetries, T polarization, neutrino counting, 
etc.) is guaranteed and will allow the SM to be tested more accurately than at 
present. By combining such measurements, eventual deviations from the SM ex- 
pectations can be attributed unambiguously to the effect of new particles within 
the same gauge group SU(2) x lJ( l)-th e so far undiscovered t-quark being the 
most obvious candidate-r to the effect of a different algebraic structure [14]. 

4.1 Accurate Measurements 

4.1.1 The physical interest of accurate measurements 

The physical goals of these measurements are clearly defined and thoroughly 
discussed, for instance in Ref. [15]. H ere we will merely summarize them. 

The main parameters of the SM are 
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which represent, respectively, the SU(2) and the U(1) couplings and the two co- 
efficients of the Higgs potential. Equivalently, one can choose 

In fact, while waiting for an accurate measurement of mw, we replace it with G,, 
fr0m.p decay. 

In the minimal electroweak model, all quantities can be predicted using this 
set of parameters. In particular, sin* 0, is no longer an independent quantity and 
is defined by 

However, as a consequence of weak corrections, the prediction of some physical 
observables will depend also on the other parameters of the model: of these, 
besides the Higgs msss mn, the most important is the t-quark mass m,. 

New physics, if any, will also influence the observables. Two classes of new 
phenomena can be distinguished: i) ‘classical’ ones, occurring within the algebraic 
structure of the SM, such as the existence of another family, and ii) ‘genuine’ new 
physics, implying a change of this algebraic structure (e.g. L-R symmetric models 
etc.). 

To get information about these unknown parameters and‘domains, one must 

focus on observables that are very sensitive to them, that are not too sensitive to 
trivial effects such as e.m.radiative processes, that are well understood theoreti- 
cally, and that can be measured with great accuracy. 

Apart from mz, the most interesting observables are mw-which will be ac- 
curately measured at the hadron colliders [IS] and still better at LEP 2 [17]-and 
the left-right asymmetry ALR on top of the Z [18]. These quantities are very sen- 
sitive to the weak radiative corrections corresponding to loop effects in the boson 
propagators (the ‘oblique’ corrections of Fig. 3a) governed by m,, mn, SUSY, etc. 

There is another category of observables, involving eventually the measurement 
of polarized charge asymmetries A, [ ‘O’ 191 that are ideal for sensing changes in the , 
algebraic structure already at the tree level. These changes can result from a more 
complicated Higgs sector, or from the existence of new Z’ bosons, compositeness, 
etc.-that is to say, ‘genuine’ new physics. 

Both ALR and AZ’ require beam polarization. 
The definition and properties of these observables will be given in subsec- 

tion 3.1.2. In the following subsections we shall discuss their measurement on the 
Z. 

4.1.2 The observables 

1.1.2.1 The masses of Ihe weak bosom. The Z mass-which, from the CERN 
pp Collider, was known to N 2 GeV/c’-is obtained with extreme accuracy at the 
SLAC Linear Collider (SLC) [20] and at LEP 1 1211. The results already available 
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are summarized in Table 1 1221. B 1 e ow, we discuss the factors that govern the 
uncertainties of such measurements. If transverse polarization is used through the 
resonant depolarization method [23], which gives an excellent absolute calibration 
of the beam energy, an accuracy of Amz = a few MeV is foreseen. Various studies 
show that the uncertainty in the modification of the Z peak by radiative effects, 
and especially initial-state photon radiation, can be kept below this value 1241. 

The W mass, now known to f0.5 GeV/c’, will be measured to N f150- 
200 MeV/c’ at the hadron colliders [16] and to flO0 MeV/cr or better at LEP 200 
1171. Note, however, that this last measurement requires a substantial integrated 
luminosity (1 500 pb-‘). 

4.1.2.2 The asymmerries. Let us now turn to the asymmetries on the Z. We 
start from the current 

With 

and defining 

“f E ; [g; + gk] = e 
2 sin 0, cos e, [gL - 2Q’sin’ 0”] , 

ar = f [d-d] = 2sineecose [CL] 7 1 1 

we get for the angular distribution of the produced fermion f (Fig. 48) a formula 
of the type: 

do = ( SLY + d) (gf + Sk’ ) x (I + cos2e) + (gf - g<) (6,’ - &) x (2~0~ 8) 
zs 4 (UZ + a;, (uf + a;, x (1 + cos* 0) 

+ 16(u,a,)(urar) X (2cose) 

In the case of a polarized beam, we simply have to add the contributions of the 
various helicity configurations (Fig. 4b): 

g;fgc(i +cose)2+gfg~(1 -case)*+ . . . . 

a) The charge asymmetry. From the angular distribution obtained above, we 
easily get the front-back (FB) asymmetry, defined as 

A _ “F - “8 
FB - - 

aF+oB’ 



. 

, 

where (TF and on are the fermion cross-sections in the forward and the backward 
hemisphere, and 

b) C) d) 

Fig. 3 Radiative corrections to the tree-level graph: a) oblique corrections; b) 
vertex corrections; c) box corrections; d) radiation corrections. 

a) Conventions for e-e+ - fi 

b) Various h&city configurations 

Fig. 4 a) Conventions for e-e+ + ff b) Various helicity configurations 

Fig. 5 The equivalence between AFB and Ad for e-e+ -+ ff. 

Ae-=+-Ii = Jr? d4 [Jd - J!‘,] d cos e(da/dn)(ee -+ ff) 
FB 

j,2”dd [J; +&] dcos8(da/dR)(ee --+ ff). 

In the total angular domain, 

A”“’ = 
FE 

A few remarks are relevant: 
i) About an equal amount of information is obtained from the ‘end-cap’ (0 < 

40”) and ‘barrel’ (0 > 40”) regions of the detectors. 
ii) For a two-body reaction such as ee + ff, AFB and the charge asymmetry 

Ad are identical, as shown in Fig. 5. This is important for the systematics in 
the detector: since the measurement of Ad involves the difference between accep- 
tances for f and f (i.e. for opposite signs) in any angular region of the detector, 
we are dealing with only a second-order systematic effect, and the experimental 
problem regarding our knowledge of the acceptance is less critical. 

iii) Because A’ N 2( I - 4 sin’ 0,) is a small number, the asymmetry is itself 
small. 

iv) The charge asymmetry & is a rapidly varying function of 4 and is 
therefore strongly modified, up to a factor of 2, by initial-state radiation, the 
effect of which has thus to be very accurately determined to better than 10% of 
its value. 

v) The unavoidable uncertainty in the location of the measurement relative to 
the pole (f10 MeV/c’) will, for the same reason, limit the accuracy on Ah to 
0.08%. 

vi) Compared with the case of ALR, the sensitivity of Ah to sin*0,, which can 
be written aA~/8sinZ0,, is small and goes to zero when sin’8, -+ l/4. 

vii) On the other hand, an advantage is that the measurement of Ah is inde- 
pendent of the normalization. 

b) Forward-backward asymmetry for a given polarization degree. Defining 
the polarization degree of the e+e- system as 

P= 
P,+ - P,- 
I - P,+ P,- ’ 

we find on the Z 

Ap”l.f 3&-& g<(l + P) -g;:(l -P) 
FB ‘v-r,x 

4 SL + SR &(l + P) +&(I -P) 1 
-41- 



, 

For complete polarization of one beam, P.+ = 1, P,- = 0: 

A~“l.=‘,(‘) N ?A{ 
FB -4’ 

which is a very simple expression. But in the usual case where Pet < 1, this 
asy’mmetry still depends on both the initial-state and the final-state couplings. 

c) Polarized forward-backward asymmetry [19]. The above situation can be 
simplified by defining the quantity 

Apom.f = L (OPF - b-PF) - (UPB - u-PB) 

p (UPF + u-PF) + (QPB + U-PB) ’ 

which on the Z is N 3/4 A’ . This asymmetry has very interesting properties: 
i) it depends on the nature of the final-state fermion only, and its measurement 

clearly calls for the individualization of the final states; 
ii) it is not suppressed by the factor (1 - 4 sin’ 8,); 
iii) it is a slowly varying function of fi around the Z, even when the 7 term 

is included; 
iv) it is quite insensitive to the experimental cuts. 

d) Left-right asymmetry. Finally, let us define 

ALR E r4+3 --I - 4-Y-t) 
PC++,-)+a(-,+) ’ 

which is about equal to A’. The sign refers to the helicity of e- and e+. Note that 
u(+, -) = 2u(+,O) = 2a(O, -), and these equalities show that various helicity 
configurations are equivalent. In particular, it is enough to polarize one beam, 
and 

A _ UL --oFI 
LR - - 

UL$UR 

where u~,n are cross-sections for left- (right-)handed electrons. 
As a function of ALE, the Z cross-section for polarizations P+ and P- can be 

written as [25] 
u = uu[(l - P+P-) + A&P+ - P-)] 

A few remarks about this asymmetry: 
i) It is virtually independent of the final state. Therefore, the full statistics on 

the Z can be used. 
ii) The final-state correction is almost negligible. 
iii) It is a smooth function of fi around the Z pole, and initial-state radiation 

is not a problem. 

iv) It is very sensitive to sin’&: 

AAL~ II 8A sin’ t& . 

With lo6 Z, the statistical accuracies for P = 0.5 are 

AALR = ho.002 , 

A sin’ 8, = f0.0003 

v) This accuracy is well matched to the theoretical uncertainty in ALR dis- 
cussed in detail in Ref. (261. 

vi) Any systematic uncertainty coming from the detector side is negligible. 
Small corrections to these statements can be found in Ref. 1151. All in all, the 
situation seems to be well under control: A in is certainly the ideal quantity for 
our purpose, and will be the centre of interest in Section 6. 

e) Combinations of asymmetries. Asymmetries that are combinations of 
Ad.’ A’ 

FB 1 FB, and ALR can also be defined and measured. As emphasized in Ref. 
[14], adequately chosen combinations may have interesting properties. For in 
stance, the combination shown in Fig. 6 is sensitive specifically to changes in the 
algebraic structure of the gauge group [i.e. a structure that is not SU(2) x U(l)] 
and, on the contrary, is insensitive to effects occurring within this group structure, 
such as the existence of a new family. 

Recent studies [27] demonstrate that combinations of accurate measurements 
on the Z, involving such flavour-dependent charge asymmetries, allow unambigu- 
ous discrimination between various sources of ‘genuine’ new physics, such as su- 
perstrings, compositeness, etc. This is illustrated by Fig. 7. 

f) Summary. Figure 8 shows the main features of the various asymmetries 
considered: their magnitude, and their variation with the beam polarization and 
with energy. 

Figure 9 illustrates the sensitivity of the two best observables, ALR and mw, 
to the main unknown parameters, m, and mn, once mz is known. It clearly 
shows that the information from mw and that from ALR are complementary and 
that, in this respect, the polarization is not an alternative to LEP 200. A detailed 
discussion of all effects that produce a dependence of ALR on the final state can be 
found in Ref. [15]; the conclusion is indeed that these effects (or the uncertainty 
of how to correct for them) are well below the measurement accuracy of ALR. 

4.1.3 The Z parameters 

4.1.3.1 The Z mass. In Table 1 [22] we gave the present results obtained at 
LEP, which can be compared with the pp Collider values [28]. 
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Fig. 6 A” for two different gauge groups as a function of the Z’ mass, where 
A” = CARL - (4/3)(&/6,)6A~$” ( see Ref. (141 for definitions of I.,&). 

Fig. 7 The strategy to identify new physics. The 6V, are the deviations, from 
their Standard Model value, of quantities built up from appropriate linear combi- 
nations of LEP observables: Fb~, mz, mw, etc. The cross shows the experimental 
error expected from High Luminosity LEP. 
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Fig. 8 The various asymmetries and their variation across the Z pole. 



b) 
Fig. 9 Two ways of exhibiting the complementary information from ALR and 
mw (once mz is known). 

lb, , , , 1 

Fig. IO Muon-pair line shape curve including all corrections. The masses are 
mz = 91, mH = 100, and m, = 150 GeV/cZ. 
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At LEP the mass has been obtained from a scan in energy over seven points. 
The statistical error is typically Am N 3/n GeV/c’, where N is the total 
number of Z registered, but this error disappears rapidly. 

Knowledge of the energy at which the measurements are made is clearly essen- 
tial. The absolute value of the energy obtained from the B field along trajectories 
is not known to better than f5 x lo-‘. 

Improvement can be achieved by injecting a beam of protons of well-known 
energy in order to calibrate the magnetic system; such a procedure has already 
been exploited. Protons of very well-known energy are injected into LEP and are 
brought into the same orbit as that of the electrons. The difference in RF between 
e and p, given the known proton momentum, allows us to get the LEP circumfer- 
ence. Then the protons are accelerated and brought to the physics energy. Again 
they are put on the same orbit as that of the electrons. Given the circumference, 
the variation in RF number allows us to obtain the momentum. However, the 
accuracy of the method is limited to f20 MeV/c’. 

Transverse polarization will allow us to perform an energy measurement by 
using the resonant depolarization method 1231. Without dedicated wigglers, we 
could only hope that the polarization would build up sufficiently for it to be 
detected in the polarimeter. This did indeed happen, but too late (in the last 
hours of 1990 LEP running) to allow for a resonant depolarization measurement 
to be carried out. In principle, the accuracy on absolute energy from such a 
measurement is - 10-s. Nevertheless, unless we perform frequent calibrations, 
we will still be left with the problem of reproducibility and/or stability of the 
magnetic system (f0.5 x lo-‘). Other sources of uncertainty are: 

- the relative normalization of the measurement from point to point (at the 
per mille level); 

- the theoretical uncertainty; this is well under control to within a few MeV/c* 
(Ref. (241 and Fig. 10). In particular, the uncertainty in the mass of the t-quark 
and of the Higgs is of no importance here. 

We can therefore assume that the uncertainty in the mass will go from the 
present 30 MeV/c* to N 10 MeV/c* or better (long term)) From the formula 

l- 

we deduce Asin’t’],, = 2.0 (0.06) x lo-‘. 
Whatever this means, 1 give this number to set the scale and to show the 

quality that is to be required from any other measurement, if we want to cross- 
check the coherence of the SM in a useful fashion. 

4.1.3.2 Total width. For the width, the main goal is to get the number of 
neutrinos: a fourth light neutrino would increase the width by - 170 MeV. In 
fact, more powerful methods exist, and we will discuss them later. 

The statistical error is AI N S/a GeV, but it fades away rapidly. At 
present the uncertainty is - 25 MeV/c* per experiment. Ultimately we can ex- 
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pect to reach AIz 5 10 ,MeV, limited by the systematics on the beam and by 
relative normalization. Polarization here again could allow better values to be 
reached (ultimately 2-3 MeV). Theory 1s well under control, too. Rut here the 
uncertainties in the t-quark mass and in Q. are not completely negligible [29]: 

. AI due to m, N 20 MeV , 
AI due to o. (0.11 f 0.01) z  6 MeV. 

Present values can be read from Table 1. 
4.1.3.3 Shape. The shape of the Z  has been the subject of elaborate studies 

(see Ref. [15)) and is well understood. Moreover, there are several semi-analytical 
or analytical formulae that reproduce the Z  shape to a good accuracy (5 1%) and 
allow for a practical fitting procedure. Figure I1 gives a useful example [30]. 

The three measurements mentioned above require only a relative normaliza- 
tion, which should be achieved to a fraction of a per cent. 

4.1.3.4 Hadronic absolute cross-secttons and leptonic partial widths. Here, 
absolute normalization has to be achieved. 

The goals of such measurements are important: i) to make a check of the uni- 
versality in the leptonic sector, ii) to obtain the ingredients for neutrino counting, 
and iii) to search for the indirect effects of new objects [27]. 

Following the normalization procedures discussed in subsections 3.2 and 7.5, an 
absolute normalization error of 1.5-2% has been achieved, and we can ultimately 
think of - l%-or even better if the small-angle Rhabhn cross-section is more 
reliably computed. 

Identification of the three charged-lepton modes should be possible at the level 
of about a few per mille impurity and with good efficiency. In the case of 7 pairs, 
the ep and hP events are characteristic: even ee and np modes can be used, 
provided cuts, as suggested by Fig. 12, are performed. 

Acceptances for the leptonic modes are more tricky to obtain with great ac- 
curacy. The redundancy of all procedures (trigger, selection, reconstruction, etc.) 
should be used, instead of Monte Carlos, to measure the efficiency of each pro- 
cedure against the others: for example, triggering pp on one leg, keeping the 
tracking and identification of a p independent, and so on. Since we are dealing 
with a measurement of the efficiency, it is clear that an increase in the statistics 
will also improve the systematics. Acceptances close to 100% with uncertainties 
of about 1% have already been achieved., 

For hadronic events, no major problem with respect to acceptance is fore- 
SCXIl. Two-photon physics is easily removed by mild cuts. Here again the main 
uncertainty comes’from normalization. 

Existing results for the hadronic cross-sections and leptonic widths are given 
in Table 2 [22]. 

Fits to the hadronic cross-section in absolute value give access to the number 
of neutrinos. as we shall see in subsection 4.1.5. 
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Fig. 11 Results of a simulation of total cross-section measurements near the Z. 
with the cross-section given in nanobarns. Data were generated corresponding to 
10 nb-’ at each of five energies. A fit (dashed) was made to the simulated data 
using the known radiatively corrected line shape, but allowing the overall normal- 
ization to float. The second figure shows an analogous simulation with 100 nb-’ 
at each point. The solid curves show the true line shapes for the simulated masses 
and widths. 
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Fig. 12 Acoplanarity versus visible momentum for different Z decays: 
a) Z ---t TT’, b) Z -P pp. 

4.1.4 Asymmetry measurements without polarization 

Here we consider the measurement of the Ach asymmetry and of the polariza- 
tion of the r. 

4.1.4.1 Charge asymmetry for the fj final state. We saw that Ad is a steep 
function of 4 (Fig. 8) and is therefore quite sensitive to the initial-state radiative 
corrections. This is especially critical for the p+p- final state. 

Recent and on-going work on radiative corrections [31], incorporating multiple 
photon emission and interference, will probably reach the level of accuracy that 
is required in order to match other sources of uncertainty. 

The ignorance of the exact location relative to mz (f10 MeV/c*) is, however, 
an unavoidable source of uncertainty and, for /up, will contribute to limiting the 
accuracy that can be achieved. 

Systematic errors are of different natures. For the pp final state, the problem is 
to know the relative acceptances for positive and negative leptons to an accuracy of 
- l%o, and this can be achieved using appropriate methods based on the principle 
of redundant procedures. For qq states, the main problem is quark identification 
and the estimate of the uncertainties in tagging efficiency and tagging purity: this 
will be discussed in subsection 7.7. From the information about fragmentation 
obtained in a preliminary exposure on the Z, it seems that quark identification 
can be reliable enough to allow excellent asymmetry measurements for the various 
flavours. 

The statistical accuracy, which for qq is linked to the tagging efficiency, will be 
the dominant one for a long period. The increase in LEP luminosity (Section 5) 
will allow it to be reduced and in some cases made negligible in comparison with 
systematic errors. 

The uncertainties expected for Ad are summarized in Table 3a [32). Although 
the systematic errors may look quite small, they are not so different from those 
quoted for the measurements of F/I or qq asymmetries done at PEP and PETRA 
[33]. Furthermore, we should take into account the much larger statistics available 
on the Z, which allow the systematic errors to be decreased as well, and the fact 
that various sources of instrumental problems (confusion of signs, mixing of e and 
p, cosmic rays, etc.), still present at PEP and PETRA energies, are non-existent 
on the Z with the LEP detectors. 

Nevertheless, it is clear that the information obtained from AA at LEP 1 is 
far less accurate than that from AJ.R, as shown in Table 4. In particular, & 
obtained from &,b,c = 3/4 A,Ab,= suffers from the uncertainty in A,. 

The results obtained so far for AEi are given in Table 3b: they should be 
compared with the possible ultimate achievements through ALR or unpolarized 
asymmetries with higher luminosity (see subsection 5.3). An improvement of an 
order of magnitude is still to come. 

For AZ the present uncertainty is AA - 2 x 10e2, dominated by statistics. 
4.1.4.2 Tau polarization. Another way of determining sin* 0, is by measuring 

the polarization of the T, in e+e- + T+T-. 
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On the Z, 

k(e) = A’ + P(2 cm t’/l + ccd 0) 
1 + A’P(2cos0/1 + cc&B) ’ 

where 

It &n be seen that the mean value is equal to 

A’(= A’ if universality holds), 

and therefore, in principle, the same information as that from ALR can be obtained. 
However, if the observable is the energy distribution of the rr* from the T + rrr/ 
decay mode, the statistics are rather limited (6%0 of the Z final state is used), and 
some systematic error sources, mostly related to the background mode T --t PV, 
are present [34]. Again, Table 3 shows that the accuracy on sins@, expected at 
LEP 1 is much (five times) worse than that obtained from A,,R. 

In fact, T leptonic decays, and especially r -+ pv, A,“, can be usefully 
exploited as well. Theoretical studies and preliminary results indicate that a 
global (but experimentally tricky) treatment of several final states could improve 
the accuracy by a factor of N 2. 

Up to now, ALEPH has given the best results on P, through the leptonic, 
r --t XV and T -+ pv channels. The values given in Table 3c are still far from the 
goal. 

Putting together the information from all quantities obtained without beam 
polarization (A$, P,, Frr) one can get an accuracy on sin’8, which is presently 
fO.O023(ALEPH). With 4M (25M) Z it should reach f0.0008 (f0.0004)per ex- 
periment. 

4.1.5 The number of neutrinos 

This is a crucial measurement. Moreover, since several theories [35] predict 
that at LEP it could be possible to obtain a non-integer number, we should try 
to get the best possible accuracy. Such theories can be supersymmetry, with a 
contribution to NV from sneutrinos, or various ideas involving mixing. 

We have already discussed the limitation on N, from the direct width measure- 
ment. A more refined treatment has allowed us to do better. The invisible-width 
method [36] rests on the exploitation of the obvious identity: 

rinvis = r - rvis = r - rhsd - rt. 
Partial widths and cross-sections are related by 

For instance, 

1% G and 
1% r-r,& 

uPP = 7 p 9 toI 
(I,,4 = 7 - 

mz co, 

The idea, then, is to take, for some partial widths, the standard theoretical value. 
In the original proposal, rt = rpd 
was adopted. The widths I? and Fhsd are extracted from the equations giving o,,,, 
and or,&: this implies the measurement of these two quantities and therefore a 
good knowledge of acceptances and radiative corrections for the /JP and hadronic 
channels. The use of the /L/I channel leads to a limitation in statistics. 

Another way is to take both Ph& and Ic as the standard values. We have 
only to measure or,&. For sin’& = 0.23, the number of neutrinos can then be 
expressed as 

NV = &!& - 11.68 , 

or 
AN, = 

Nu + 1 I .68 Aahd 
-. 

2 ohad 

A 1% relativeerror on (Ihd gives AN, = 0.075. In both methods the important fact 
is that cancellations occur in the error propagation, so that for a given luminosity 
the uncertainty is smaller than for Irot measurements. 

Figure 13 shows the present results as a function of the number of recorded Z, 
and also what one can expect from these methods. The limitation is clearly of a 
systematic nature related to normalization, and it ranges around AN, = 0.1. 

This is quite excellent, and a number of people consider that the problem of 
the light-neutrino counting is solved. 

Nevertheless, in the long term the radiative method 1371 could be as accurate, 
with less dependence on standard assumptions. The idea is to sit somewhat higher 
than the Z peak and to measure 

e+e- + yZ 

I”, ( 

i.e. a final state with .a single 7. We can simply understand the observed y 
spectrum as the product of a bremsstrahlung distribution by the Z resonance 
curve. 

Elaborate calculations treating the graphs of Fig. 14 exist: Fig. 15 [38] shows 
how the 7 spectrum and the cross-section are modified relative to the Born term. 
To obtain a sufficiently high cross-section, it is necessary to stay close to the Z 
peak. On the contrary, a larger fi will give a harder photon spectrum, with 
a better known reconstruction efficiency as well as a safer theoretical picture. 
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The main background ib ee --) (ee)7, with the final e* disappearing: it can be 
decreased by selecting -r at larger angles (> 0,” of Fig. 16) and vetoing e* down 
to very small angles (e,,, of Fig. 16). Figure 17 gives an idea of the signal and 
the signal-to-background ratio as a function of em;” and &: the trend is clear. 

In Fig. 13 we give an estimate of the power of the radiative method. The 
number of Z’s should now be understood as the number that would be obtained 
by spending the same J,!, dt on the peak. Point A shows what can be obtained 
from an exposure of 10’ Z  at the peak 1391. Th’ IS is, however, quite experiment- 
dependent since on the Z  we must cope with fairly low energy photons. Only 
appropriate e.m. detectors (resolution at low energy, coverage) can effect such a 
measurement. 

Point B shows what can be expected from 3 x 10s equivalent Z  (about two 
weeks of nominal LEP) in the region 96-104 GeV [l]: this, however, looks opti- 
mistic. 

From what we have said above, it is clear that an increase in luminosity should 
be quite profitable for radiative neutrino counting. W e  will come back to this topic 
in subsection 5.3. Anticipating the result, we show (point C) our estimate of what 
the pretzel LEP could bring to N,. Point A’ [39] is higher because the assumption 
about normalization is more conservative. 

4.2 The ‘Discoveries’ 
Perhaps the genuine role of LEP will be to provide a set of extremely accurate 

measurements, leading eventually to indirect discoveries. Nevertheless, it is legit- 
imate to search first for all possible direct effects that have not yet been ruled out 
by previous experiments. They are numerous, so we shall focus on 

i) the classical Higgs; 
ii) supersymmetry: 
- SUSY Higgses, 
- charged Higgses and the t-quark problem, 
- chargino and neutralino sectors; 
iii) compositeness. 

4.2.1 The classical Higgs 

The search for the classical Higgs through the Bjorken reaction 

ee-+ ZH, 

where the Z  is either virtual (LEP 1) or real (LEP 200) and decays into e+e- or 
VV, has been studied ad satietam [40] (Fig. 18). 

A recent development [41] concerns a possible source of background that was 
not fully considered in the past, namely 

e+e- -i Z  -+ 4fermions 

Fig. 15c Energy spectrum of the observed photon. 
line), fully corrected (solid-line), and 0( a )- corrected 
Ref. 1381). 

Fig. 16 Experimental set-up: 0,.,, is the veto 
detectable angle. 
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The process is show’n in Fig. 19a and the cross-section is given in Table 5. 
This cross-section is large but, owing to the dominance of quasi-real y exchange, 
the kinematics of the four-fermion state is quite peculiar: a pair at high mass 
and a pair at low mass, as shown by Fig. 19b; therefore, for the safe channels in 
the Biggs search, i.e. Z 4 !+P-bb, a cut on the dilepton mass eliminates this 
background. 

The reach of LEP 1 to the ‘safe’ channel Z -+ Hp+p- can be deduced from 
Fig. 20. A signal of 10 events for a Higgs of 50 GeV/cs would require lo6 Z. 

In fact, things went much faster through the exploitation of the channel Z -+ 
Hue, which is supposed to be six times more abundant [42]. Provided a good 
hermeticity prevents the occurrence of background, for instance from ee --t qq(r), 
the 7 being lost, one can, in the absence of any candidate, put quite strong limits. 
With u 100,000 Z, ALEPH was, for example, able to exclude the Standard Higgs 
up to 42 GeV/c*. Combining all four experiments, 48 GeV/c’ can be reached. 
Provided the background situation stays the same, an order of magnitude in the 
number of Z would provide a gain of 10 GeV/c’ on the limit. 

4.2.2 Supersymmetry 

Present results from e+e- machines and from the CERN pp Collider had 
already almost completely excluded the domain accessible to LEP 1, as far as 
sfermions are concerned (Fig. 21). This has been checked directly by the LEP 
experiments. LEP 200, on the contrary, will offer the possibility of pushing the 
mass limits to values approaching G/2 (Fig. 22). 

Nevertheless, it is now admitted that the two aspects of SUSY that are the 
most likely to reveal themselves at LEP are the SUSY Higgs sector and its 
chargino/neutralino sector. 

4.2.2.1 SUSY Higgses. It took some time to realize how much this sector 
is constrained in minimal SUSY. Starting from the two complex doublets, after 
symmetry breaking we are left with two neutral scalars ho and Ho, a pseudoscalar 
A’, and two charged Higgses H+ and H- (ho and A0 are often called Hz, Hs in the 
literature). The properties of the Higgses depend in particular on tg/3 1 uz/vt, 
the ratio of vacuum expectation values. 

Figure 23 [43] summarizes the situation in minimal SUSY: 
At tree level: 
i) There always exists at least one neutral scalar ho lighter than the Z (on the 

contrary, charged Higgses are heavier than the W); 
ii) there is always a neutral scalar close to the Z mass (Fig. 23e,f); 
On the Z: 
iii) if vz/ur < 2-3 (Fig. 23b), the lightest scalar ho is essentially produced like 

the standard Higgs; 
iv) if uz/vr is large, ho is produced in association with the pseudoscalar A0 

(Fig. 23c), 
ee -+ hoA’; 
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Fig. 20 Event rate with (solid) and without (dashed) radiative corrections versus 
Higgs mass, using (I = I/137, sin’& = 0.23, mz = 92 GeV, Iz = 2.5 GeV, and 
BR(Z + p+p-) = 3% (for 10s ‘tree-level’ Z’s). 
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Fig. 22a Excluded W I=,-rns domain for stable photinos (Monte Carlo for LEP 
200) 
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Fig. 22b Excluded ni-ns plane (Monte Carlo for LEP 200) 

the relation between the masses of the two objects is given by Fig. 23a, which shows 
that they rapidly degenerate when uz/uI increases. One sees that the associated 
production can be substantial, reaching a few per cent of the Z  final state. 

Furthermore, Figs. 24 [44] indicate that the decay into T  pairs is always copious 
(for us/u, > l), giving a useful experimental handle to the selection of such a 
final state through TT  jet-jet, or even qua&i-taus. Charm can play a role as well 
(inclusive D’s). 

Other possible Higgs channels around that theme should also be kept in mind. 
All the ‘theorems’ stated above are valid for minima1 SUSY and for several of 

its extensions. They are not completely unavoidable in a general model, but SUSY 
specialists agree that the non-existence of a light neutral scalar would make the 
theory appear quite contrived and unattractive. However loop diagrams involving 
the top and its spartners may modify the tree- level mass of the Higgses and in 
particular push r-r+ somewhat above ms. This shift critically depends on the top 
mass. 

Whilst the large associated cross-section [which varies merely as (velocity)‘] 
and branching ratio into T  pairs have allowed us to explore rapidly a substantial 
region of the parameter space for large us/u,, it will take much more effort, at 
LEP 1 and 200, to get an answer regarding the crucial assessment of point (i). One 
can visualize this from Fig. 25 giving the LEP results, and from Fig. 26 locating 
them within the allowed domain. In fact, the size of the region which is left open 
varies with the couple of parameters adopted! Although (tg @,ms) emphasizes 
the road already covered, the choice (tg p, m*) rather illustrates how far one has 
still to go. 

1.2.2.2 Charged Higgses and the t-quark problem. In minimal SUSY, 
the H* are heavier than the W . Nevertheless, this sector should be explored 
systematically. 

The present limit from CELLO [45] is - 19 GeV/c’. TRISTAN and LEP 1 
have allowed us to push it to close to the respective kinematical limits, and 
LEP 200 will do the same. 

It is interesting to examine this problem in conjunction with the mystery of the 
elusive t-quark. Figure 27a [46] h s  ows the various possible regions in the mn+-m, 
plane, as well as the existing experimental bounds. In region I the t-quark can 
only decay through H*: 

t-+Hb. 

In region II there is competit ion between 

t-+W’b and t + H-b 

The relative importance expected for these decays is shown in Fig. 27b for the 
two models described in the caption. 

Here again, decays through taus (Fig. ‘27~) will play an important role by 
providing a good means of identifying the state under scrutiny. 

Figure 27d gives the present JJAl limit. 
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Fig. 25 The LEP results on SUSY Higgs (all experiments combined): tan p 
versus rns.. 
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Fig. 26 The domain of SUSY Higgs parameter visualized: in tan 8, mA planes; 
the present limit is shown; a sensivity of 500 pb-’ at LEP 200 gives access to the 
full domain. 

Figures 27 should help to define the possible search procedures. LEP 1 has al- 
ready pushed the mass limit of H* to - 40 GeV/c*, depending on the rv branching 
ratio Fig. 28 [47]. This automatically set a model-independent limit of - rn: +ms 
on the t-quark mass. A still better model-independent limit is obtained for the t- 
quark-and for any heavy quark-by a direct study of the acoplanarity of Z + qq 
events 1481 (Fig. 29). 

4.2.2.3 Charginos and neutmlinos. The charginos i,, i = 1, 2, are the super- 
position of Wino and Higgsino states which diagonalize the mass matrix 

M(‘) = ( 
JZmwsinb 

&l~cosa p > ’ 

where M,p, and p (tg p = us/ur) are the parameters of the Lagrangian in the Mia- 
imum Supersymmetric Standard Model (MSSM). The cross-section is dominated 
by the Z exchange diagram. With the signature 

ee -+ i+g- + e+e- + pyi=s, 

the lightest charginos should be detected up to the border of phase space. 
Neutralinos ii are Majorana fermions, superpositions of the neutral gauginos 

and Higgsinos. Their masses and compositions are determined by the diagonaliza- 
tion of a mass matrix M(O) defined by the same parameters as those occurring in 
MC’) in the case of the MSSM. The best hope of detecting them at LEP 1 comes 
from the associated production 

where 1 is the lightest neutralino. The decay of the heaviest neutralino i’ can be 

if the Higgs Hs and/or the chargino are light enough; otherwise: 

giving very striking signatures. Contour plots are given in Fig. 30. 
A systematic exploration of the kinematically allowed regions for neutralinos 

requires a sensitivity to cross-sections of less than a picobarn. However, within 
the MSSM, a large fraction of the domain of naturalness can be excluded also by 
the non-observation of charginos at LEP 1 and 200. 

The most recent exclusion contours given by LEP are shown in Fig. 31 [49]. 
Such figures are very complicated because of the many sources of information 
used. If the origin of the limits is not taken into account, we get the overall 
picture of Fig. 32. The physical content is made clearer if we remember that the 
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In”. (w/c’) 

Fig. 27a The plane (mu+, m,) and the regions excluded at present by experimen- 
tal lower limits on mu+ and m, from e+e- collider experiments. Also shown are 
the kinematical regions accessible to on-shell t -+ H+b and to off-shell t -+ H+‘b 
decay on the left- and right-hand side of the line m, = mu+ + ms, respectively. 

t + Hb 

Fig. 27c The branching ratio for H+ + r+u as a function of tanp. The CbM 
mixing angles were neglected, and values of mu+ = 50 GeV, m, = 1.5 GeV, and 
m. = 0.15 GeV were taken. Results are for Model II couplings. The Model 1 
result corresponds to the tan p = 1 value. 

Fig. 27d The present UAl limits. 
Fig. 27b Plot of BR(t + H+b)/BR(t + W+b) as a function of tan@ for m, = 
100 GeV, ms = 4.5 GeV, and mu+ = mw. Results for both Model I (all ff couple 
to only one of the two doublets) and Model I1 (up-ff couple to 42, down-ff couple 
to q$) fermion couplings are displayed. 
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Fig. 28 The LEP mass limit for charged Higgs (DELPHI). 
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Fig. 29 The acoplanarity distribution expected from a t-quark or any heav) 
quark (OPAL). 
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Fig. 30 Contour plots in the parameter plane of the MSSM for two values of 
IQ/VI (a, b), showing (shaded area) the region inside which ee + Z  - xx’ has a 
BR > 10e5, as well as the exclusion areas corresponding to the non-discovery of 
x+x- at LEP 1 (between the full lines) and LEP 200 (between the dashed lines). 
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Fig. 31 The LEP limits on neutralinos (ALEPH). 

Fig. 32 Sketch of the excluded region in the M, /J plane and iso- LSP mass curves 
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vertical scale M  is in fact related to the gluino mass and, for small M  values, 
to the mass of the lightest neutral SUSY particle 2.. For tg p > 2 we are in 
fact excluding rni < 100 GeV/c’ and mi < 17 GeV/c*. By the way, the latter 
would have important consequences for cosmology, since i is usually considered 
as a good candidate for non-baryonic dark matter. Unfortunately one has not yet 
shown that tg B > 2. 

4.2.3 Compositeness 

This is a radical issue of the problems left open by the SM. Particles are 
assumed to be made of subconstituents (preons, rishons, etc.) linked by a new 
interaction. At the compositeness scale, constituent hard scattering would be 
observed. At energies well below that scale, compositeness is described by an 
effective interaction, the intensity of which is governed by g/A, the ratio of its 
specific coupling to the scale; therefore the notion of scale is ambiguous as long 
as the nature of the coupling assumed for the underlying interaction is not made 
explicit. 

Usual compositeness assumes that quarks and leptons are composite. The 
main effects to be looked for are contact terms in fermion scattering, excited 
objects, etc. 

Contact terms can be parametrized B la Eichten-Lane-Peskin (ELP) 1501: 
strong coupling, strong scale A, various helicity combinations. Contact terms are 
mostly felt by their interference with usual amplitudes. On the Z, unfortunately, 
their real contribution does not interfere with the imaginary resonant term. This 
explains the dip observed in the curves of Fig. 33a at the Z mass. On the wings 
of the Z and at LEP 200 the sensitivity is restored. Limits on A, depending on 
the helicity configuration and under the assumption of strong coupling, are given 
in Fig. 33b. 

The most promising excited object is the ea. It can be pair-produced (limit: 
G/2), singly produced through 7 exchange (limit .-.. ,,6), or exchanged in ee 
-+ 77. A thorough study can be found in Ref. 1511. 

As expected, LEP has set strict limits up to - &;/2 through the non-observation 
of pair production. It has excluded also excited leptons up to - 80 GeV, and for 
a sufficiently large magnetic coupling, through the non-observation of single pro- 
duction. 

Another fascinating issue would be nearby compositeness, i.e. compositeness 
of the IVB. The scale, under the assumption of electroweak coupling, would then 
be of the order of the Fermi scale. A good example is the strongly coupled 
Standard Model (SCSM) 1521, built from 72 left-handed fermion doublets $L and 
a complex scalar doublet 4 with the same SU(2) x U(1) as in the SM. However, 
SU(2) is assumed to be confining, and the objects above are preons which, by their 
combinations, give the known particles, as well as new ones: leptoquarks, isoscalar 
vector bosons, etc. Nearby compositeness induces, for instance, rare decay modes 
of the Z (Fig. 34) [53] and departures from the SM for many observables such as 
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Fig. 33a The ‘reach’of e+e- colliders, AEd = limit (A,).{[s/(190 GeV)*].(500 pb-r/J L dt)}““. 
as a function of A, showing approximate scaling (dashed line). For details, see 
Ref. (541. 

Fig. 34 Enhancement of cross-sections in the SCSM (from Ref. (531); 1 event 
per year at the SLC (L = loss assumed) means 100 events per year at the pretzel 
LEP. See also Ref. [57]. 

Fig. 33b Lower bounds on the compositeness scale A, for e+e- -+ e+e- [(a), (c)] 
and for e+e- + p+p- [(b), (d)], as a function of the integrated luminosity at fi 
= 190 GeV. For details, see Ref. 1541. 
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asymmetries. The m&s and width of the Z can be modified by the presence of 
higher bosom. In the SCSM, the channels ee -+ ff at LEP 200 are modified in a 
correlated way (Fig. 35) [54]. 

On the Z, the most spectacular mode would be Z -t 3-y. In the SM this is 
unpbservably small (- 5 x 10-r’). Compositeness can boost it to a branching 
ratio of - 5 x lo-‘Q6, where Q is the mean electric charge of the preons. In 
the absence of an underlying model, phase space is used to evaluate the visibility 
of such a channel, over a background due to radiative ee + yy. In Ref. [51] 
it is shown that, with 100 pb-‘, a branching ratio 2 1.1 x 10e5 would be 
visible. Scaling up in luminosity, we deduce that the pretzel scheme should allow 
us to reach 2 x 10m6. This would be a meaningful measurement if we refer to 
the guessed-at number given above. The present limit from OPAL is 5.2 x 10v5 
(95% CL). Observing such a channel would be a major result. However, on the 
contrary, its non-observation would not produce any information since the guess 
does not rely on any firm consideration. 

In Table 6 a few useful scaling laws are given, which allow us to see at once 
the effect of JL dr and fi on the sensitivity to compositeness. In the search 
for contact terms and excited electrons, it turns out that to increase fi is more 
rewarding than to insist on increasing the luminosity. 

5 INCREASING THE LUMINOSITY = 
THE PRETZEL LEP 

A new option was recently proposed for LEP 1551: multibunch operation on 
the Z, providing a tenfold increase in luminosity. This is known as the pretzel’ 
scheme [56]. Physicswise, a thorough study, such as was done for LEP 200 and 
for polarization on the Z, has been carried out at a Workshop [57]. 

With the pretzel scheme (see subsection 5.1), if it can be successfully imple- 
mented, one could imagine an exposure on the Z leading to - 10’ such particles. 
Clearly, many experimental and organizational problems would have to be solved 
in order to cope with such a flux and with the total amount of information. They 
are briefly discussed in subsection 5.2. The output of physics from 10s Z is then 
explored along three directions: 

i) the improvement of accurate measurements on or near the Z (subsection 
5.3); 

ii) the detection of rare modes of the Z, with branching ratios 5 lo-’ (subsec- 
tion 5.4); 

iii) the physics of beauty that one can hope to perform (Section 6) on the Z 
resonance. 

‘This is the English name oi a biscuit called Pretze by the Bavarians (and Brezel by the 
Germans), and which can be described es ‘ein Backwerk, etwa in Form einer Acht’ (i.e. a 
biscuit, resembling somewhat the shape of an eight). 

-hO- 
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Fig. 35 Correlated effects of exotic isoscalar vector bosons on p’+p- (a), e+e- 
(b), and b6 (c) final states, as expected in the SCSM, assuming a coupling 9 = 1. 
The insets show the experimental sensitivity at J3 = 190 GeV (Ref. [54]). 



There are also other, potentially interesting fields (e.g. tau physics). 
An important remark should now be made (it will be substantiated later): 

high luminosity on the Z, however interesting it may be, is physicswise not an 
alternative to an increase in LEP energy (giving access to the W-pair domain) or 
to the exploitation of longitudinal polarization and to searches for heavier objects 
on the Z: these two options contribute specific irreplaceable information. 

On the other hand, it will rapidly become apparent that technically (RF po- 
werwise) the increase in the energy and in the luminosity is strongly coupled. 

5.1 The Pretzel Scheme 

The formula for the luminosity, given in Section 1, 

exhibits the main parameters governing its value. With k,, E number of bunches 
= 4, Ib = current per bunch = 0.75 mA, S; z beta function at the interaction 
point (IP) = 7 cm, and c E beam-beam limit factor = 0.04, we get the canonical 
value of L = 1.7 x 103’ cme2 s-l at the Z mass, which hopefully will be reached 
in the near future. 

To go beyond this value, we can think of increasing the bunch current (by a 
factor of 2?) and decreasing pi (by a factor of 1.5), and we can hope that a larger 
bean-beam limit (a factor of 1.5) can be tolerated. However, any such attempt 
has its unknown features. 

A radical approach is to increase the number of bunches, whilst avoiding un- 
wanted bunch-bunch collisions. The best idea would be to have a second ring 
on top of the first one, but occupancy of that location is already foreseen! An 
alternative method is the pretzel scheme: its principle is to give opposite wavy 
patterns to the e+ and e- closed orbits (Fig. 36), so that the bunches avoid each 
other. These patterns cannot be tolerated in the RF section because synchro- 
betatron resonances would be excited; this imposes an upper limit on the number 
of bunches, namely: 

circumference 
n - 

maX - 2 x distance IP to end of RF 
N 54 

Furthermore, the number of bunches should divide the RF harmonic number 
of the machine, so that proper acceleration is ensured. And obviously there must 
be encounters at even intersection points. If b # p x 4, there are no collisions in 
the odd pits. This gives the following possibilities: 

Icb = 2,4,8, . . . . 18, . . . . 36,40 

Fig. 36 Basic idea for a pretzel scheme (showing one octant) (from Ref. [56]) 

Fig. 37 Power-limited luminosity at LEP [56]. The transverse-mode coupling 
threshold is indicated. 
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For several reasons, the choice would be to separate the beams in the horizontal 
plane, in particular because there the aperture is larger. The residual bean-beam 
tune shift resulting from the close encounter of opposite bunches has been studied 
1571, using separators (electrostatic or RF magnetic) in place of the last half-cell 
of the RF cavities. With 1 = 8 m and E, = 0.8 MV/m, this tune shift would still 
be a’cceptable for a 36-bunch solution. The resulting luminosity would be of the 
order of L = 1.4 x 103’ cmv2 s-l. 

However, it is necessary to have sufficient RF power (- 7.5 MW to get the 
quoted luminosity at the Z mass), and such a scheme can only be possible if some 
of the copper cavities are already replaced by superconducting (SC) ones (also, 
room is needed for the separators); in 1991, 32 SC cavities could be installed. 

With an RF power of fb, M 10 MW, the scheme could be used up to 
& = 100 GeV. With more RF Dower it could allow us to increase the luminositv 
at higher energies. This would be welcome, because of the smallness of the cross- 
sections in that domain. 

To fix the ideas about the maximum amount of RF needed at LEP 200, we 
could, for instance, have the following aim: to get enough power to be able to 
double the luminosity in a useful region above the W-pair threshold (eight bunches 
or more current). With the luminosity behaving as L cx l/E:, a larger gain would 
be obtainable at more modest energies (Fig. 37). 

It is premature to make any prediction about polarization: however. the choice 
of a horizontal separation does not a priori compromise the chances of maintaining 
the polarization (if there is any) in a pretzel scheme. 

A simpler way to increase the luminosity by a factor of 2-modest but safe- is 
to provide a scheme for eight bunches. The pretzel is not needed; we just have to 
ensure the separation of bunches which would otherwise cross in the middle of the 
areas. Eight pairs of vertical separators can do the job. However, being bound 
to vertical separation would prevent any further step in the direction of a pretzel 
and would also make the eight-bunch scheme useless for polarization. 

5.2 Experimental Problems 

As we saw in Section 2, LEP experiments have been prepared having in mind 
an interval of 23 ps mind an interval of 23 ps between crossings and for a peak 
luminosity of 1.7 x 103’ cme2 s-l. The 36-bunch solution would bring this interval 
to 2.5 ys and increase the luminosity by an order of magnitude; provided the 
vacuum can be kept at around the same value, the background would probably 
scale with the number of bunches. Finally, lo* Z represents at least an order of 
magnitude increase in the volume of data foreseen. Let us note first that the Z 
rate is approximately four per second: therefore physicswise, all-r nearly all-- 
of the - 400,000 crossings per second are empty, and the two-photon interaction 
does not change this picture. 

The argument that the existence of long-drift devices (e.g. TPC, RICH) would 
preclude the use of such a bunch spacing is not a valid one. What has to be done 

is to abandon the gating mode that leads to a systematic opening at each crossing. 
One could use an externally triggered mode: the elements of such a fast trigger 
have to be provided, but whatever its rapidity, a few centimetres of information 
will be lost on the edges of the drift volume. It is difficult to see what could prevent 
us from having such an efficient trigger at a rate of 1 kHz or less. Probably better, 
however, would be a permanent gating mode of the ‘diode’ type: preliminary tests 
have been performed. 

Another effect of long-drift devices would be to integrate the background of 
several crossings. For the nominal LEP conditions, with a vacuum chamber of 
radius r = 8 cm, the background conditions [ll] are not severe; the detectors 
should be able to stand two orders of magnitude more. However, if at the same 
time we try to decrease the radius of the chamber, things get rapidly worse, as we 
have seen in Section 3. In fact, we can act only in the vertical plane. From the 
point of view of background, a chamber profile, as shown in Fig. 1 (121, seems to 
represent the ultimate tolerable limit for the nominal luminosity. Therefore, it is 
hardly possible to run the pretzel and at the same time use such a chamber. My 
guess is that instead of struggling to approach the interaction point below r = 5-6 
cm in order to improve the extrapolation accuracy, we should rather act in such a 
way as to decrease the effect of Coulomb scattering by using thinner microvertex 
detectors, possibly installed in a pre-vacuum region. We will come back to this 
discussion in subsubsection 5.4.5. 

More problematic is the fact that the various detectors, because they were 
prepared for a large interbunch spacing, have, for some aspects of their electronics 
and readout, been ‘taking their time’. None of them would find it a problem to 
accept eight bunches. Beyond that, non-negligible modifications would have to 
be performed in some cases. This would need time, effort, and money, but such 
outlay would anyway remain at the level of a few per cent of the total project 
investment. Detailed studies have now been made for each experiment (571. 

The problem of acquiring about four Z per second (assuming that we know how 
to avoid triggering on the background) is not a major one. The idea of processing 
100 million Z appears to be challenging. As we will see, quite rare and unusual 
events are being searched for, and therefore we have to avoid the systematic use 
of fast but biasing filters for speeding up the production. 

The problems of mass storage, fast link, and manpower are probably more 
severe than the question of CPU availability. However, relying on the rapid evo- 
lution of techniques, we can envisage that these problems will be manageable in 
the near future, as has been concluded in Ref. [57]. Furthermore, it is quite likely 
that a collider such as the LHC will, several years after the pretzel is introduced, 
require even more computing power, and therefore we should be prepared for this 
eventuality. 
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5.3 Accurate Measurements 
The interest of doing accarate measurements on the Z in order to test the Standard 
Model in depth and possibly reveal new physics, has been studied with great care 
in the past and was reviewed in Section 4. 

The obvious tendency here is for the statistical errors--which in many cases 
were still dominating-to fade away. The measurement is thus more exposed to 
expe;imental systematic errors and theoretical uncertainties. 

Another aspect is that, with abundant statistics, we can also act on the sys- 
tematic errors in order to decrease them: cuts can be made tighter so as to avoid 
doubtful kinematical regions; acceptances can be measured by comparing redun- 
dant procedures; our knowledge improves with the statist.ics, and so on. 

The pp (or @) charge asymmetry (Table 7) will then be dominated by the 
error due to the uncertainty in the position of the measurement relative to the Z 
pole: here 1 have assumed that it is f10 MeV/c s, limited by reproducibility of the 
machine. Systematic scanning and/or the frequent use of resonant depolarization 
to get the scale could even lead to a more favourable value. The value quoted in 
Table 7 for the uncertainty in the radiat.ive correction (- 556% of the correction) 
can probably be reached, but first there will have to be a lot of progress with 
respect to the present state of the art, which, for unessential reasons, shows much 
dispersion of the results between the various programs. The experimental error 
(built up from the difference between the acceptances for + and - integrated over 
the detector) is an example of a quantity that can benefit from an increase in the 
statistics, since it can be measured from the data. 

For the r-polarization measurement, the statistical error, which still dominates 
at the level of a few IO6 Z (the signal is only 6Y000 of the Z rate if the T -+ xv mode 
is used), disappears, and we are left with the dominating systematic errors: for 
instance, in the case of T + xv, it is the confusion with r -+ pv. Our improved 
knowledge of the detectors, the increased statistics that allow tighter cuts to 
be made, the likely exploitation of T -+ (vu modes, and the possible combined 
exploitation of the r -+ rrv and T -+ pv modes, could finally lead to numbers 
below those quoted in Table 8. 

It is certainly in the exploitation of hadronic modes that the improvement 
is mostly felt. Indeed, owing to the severity of cuts at the tagging level, the 
statistics were always considered to be the limiting factor. Moreover, information 
obtained on the Z peak is essential to our having confidence in the ‘stability’ of 
programs describing fragmentation-in particular for quarks such as the s, which 
were ‘minority carriers’ at PEP and PETRA, and in deep-inelastic scattering. It 
is likely that this information, and therefore the quality of tagging, will gradually 
improve in the LEP era. The availability of large statistics also allows us to 
make use of double-tag procedures, in which several quantities such as tagging 
efficiencies, poorly known branching ratios, etc., cancel out. Expected numbers 
for the single-tag method are given in Table 9, as derived from Table 3. Included 
in the systematic errors are: QED, with uncertainty on the position relative to the 

Z pole; QCD corrections, which seem to be well under control; and the dominating 
instrumental and tagging errors. We should note that such measurements are not 
the privilege of detectors with powerful hadron identification. For instance, the 
promising c-tagging procedure [SE] of the third column requires only the good 
measurement of a 2-3 GeV pion, and its ultimate systematic error, which is still 
uncertain, will depend on the quality of such a measurement and on the reliability 
of background subtraction (Fig. 38). The number given for the u-quark (fast 
proton tag) is obviously a very shaky one because of our present ignorance about 
such fragmentation. 

Table 9 shows a set of impressive numbers which would be obtained from quark 
tagging. However, the amount of work and of further understanding that will be 
necessary in order to reach this level is impressive too! 

Therefore the polarization asymmetry (ALR) measurement offered by longi- 
tudinal polarization keeps its invaluable quality. With a modest 50 pb-‘, and 
provided the conditions quoted in Table 10 are fulfilled, an experimental accuracy 
of A sinz 0 = f0.0003 can be obtained 141. Reaching this accuracy, without polar- 
ization, would require the combined information (A$!&,, f’,, . . .) extracted from an 
exposure of - 25 M  Z. The systematic errors are of a totally different nature com- 
pared with the charge asymmetry AA, and the amount of data to be processed 
is quite limited. The experimental accuracy matches well with the theoretical 
uncertainty of f0.0004. The polarization option is more interesting than ever. 
Compared with the SLC, in which polarized beams should be easier to obtain, 
LEP has the vital advantages of luminosity and of the four-bunch scheme (see 
Section 7). 

As mentioned in Section 4, another accurate measurement, where abundant 
luminosity can make an impact, is neutrino counting, using the classical radiative 
method. Luminosity allows us to go higher above the Z (say around 100 GeV, 
since the pretzel is still operative there), and to select photons of higher energy 
(> 3 GeV) and wider angle (> 45”), keeping a large signal (- 3000 events for 
100 pb-‘, i.e. two weeks of running time). This transverse energy (ET) cut, 
combined with the quite low angle tagging foreseen with a second-generation SAT 
(< 2”), almost eliminates the eey background; if necessary, this can be subtracted, 
using a measurement below the Z. If an experimental problem of acceptance to 
E, > 3 GeV still exists, then by triggering on photons we can measure the ratio 
of vvy to pp-r, which in principle eliminates such uncertainty, but at the expense 
of statistical limitations with ppr. Normalization problems limited to w +l% in 
the SAT could be still improved by the use of forward e.m. calorimeters counting 
about one tenth of the Z (300,000 e+e- for 100 pb-‘) and with hopefully lower 
and different systematics. If a month of pretzel is devoted to v counting, it 
is difficult to see why an experimental error of ANw’,/Nv 5 4% should not be 
obtained, as shown in Fig. 13 (point C). We saw that on the theoretical side [40] 
the situation, within such an acceptance, is also quite favourable. Admittedly the 
results on N, obtained from the total cross-section measurement are already of 
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b) all events. (Data from DELPHI, Ref. 1581). 

-64- 

an equivalent quality and do not seem to present any ambiguity of interpretation. 
The motivation for a radiative measurement is therefore weaker, although there 
may be both safety and satisfaction in getting a second measurement of high 
accuracy with totally different systematic errors. 

In principle, ‘fast’ measurements such as those of mz  and Fz do not improve 
with statistics, whilst Phd and Ptc should become somewhat better, in particular 
if the absolute normalization error is decreased. However, some people argue that 
the study of ee -+ ee at large angle (> 15:), through the interference between 
Z  and 7 contributions, should in the long term produce revolutionary accuracies 
for total and partial width measurements [59], p rovided the problem of radiative 
corrections is treated adequately. 

5.4 Rare Modes of the Z  

Non-standard phenomena reviewed in Section 3 should lead to the existence 
of new decay modes for the Z. Such phenomena should also slightly modify the 
accurate measurements on the Z  (or at higher energy). However, whenever a 
direct effect has a chance of being observed, we should certainly look for it. Here 
we enter a domain where, most of the time, detailed Monte Carlo work is missing. 

Intuitive arguments tell us, however, that whenever a channel with a branching 
ratio of 10-s or smaller is proposed, an increase in luminosity can only strengthen 
the chances of revealing this channel in a significant way. 

Let us see how the conclusions drawn in Section 4 would be modified if an 
exposure of 10s Z  could be obtained. 

5.4.1 Standard Higgs 

Figure 39 shows that in the standard channel Z  -+ Hpp, and keeping our 
criterion of 10 events as a meaningful discovery signal, the mass limit can in 
principle be pushed to - 65 GeV/cr. In the absence of tt and with the favourable 
features of the background four-fermion final state, there is a possibility that this 
can be exploited. As has already been mentioned, if the background could still 
be eliminated, the channel Z  + Hr~fi could allow the limit to be pushed even 
higher. One can, however, have legitimate doubts about an everlasting absence 
of background even in the best detector. In this mass range the channel Z  + Hy 
[2] would be more favourable. It corresponds to a set of diagrams, among which 
those of Fig. 40 are the most remarkable. The rate does not depend appreciably 
on the unknown t-quark mass. On the experimental side, the visibility of such a 
mode is unfortunately ruined by the final-state radiation ee + qqy, which under 
the most favourable experimental assumptions is two orders of magnitude above 
the standard signal. 

Another remark is that LEP 200 provides an alternative way of producing 
such high Higgs masses through the Bjorken mechanism ee -+ Z  (real) + H. The 
corresponding cross-section varies smoothly with the Higgs mass. The cross-over 



Fig. 40 Triangle diagrams for Z -+ Her. 

Fig. 39 Standard Higgs cross-section. 

Fig. 41 FCNC cross-sections for the extended Higgs model (from Ref. [SO]). 
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point between the pretzel LEP 1 and the standard LEP 200 (the mass at which 
we get the same rate per unit time) is - 60 GeV/cs. How high in mass we can 
hope to go with LEP 200 will be the subject of a discussion in Section 6. 

5.4.2 Compositeness 

In Section 4 we saw that for the contact terms, e* search etc., ‘patience’, i.e. 
accumulating luminosity, does not pay very much: rather, we should move to 
higher A. 

On the contrary, compositeness can induce rare modes of the Z or boost 
their branching ratio to observable values. For instance, the Z -+ 37 mode (see 
Ref. [51]), from a 100 million Z equivalent exposure, would then be revealed down 
to a branching ratio of - 2 x lO-‘j. If there is some truth in the guessed-at 
branching ratio presented in Section 4, then this gain of an order of magnitude 
could be crucial for revealing the phenomenon. 

5.4.3 SUSY 

In Section 4 we reviewed the ways of producing and observing SUSY Higgs. 
For large us/ui, the rate of associated production ee -+ hA (the two being mass- 
degenerate) falls relatively smoothly [like (velocity)3]. For tg B = 5, mko N m~,o 
= 40 GeVJcr, the branching ratio is 10e4 for one of them into TT, 7 x 10v6 for 
both of them into rr. LEP 1 should get close to the kinematic limit. For larger 
masses (> mZ/2) an increase in energy is necessary, as well as high luminosity 
(see Section 6). 

For tg p not far from 1, the lightest scalar is produced in the standard way, 
albeit at a reduced rate. For tg p < 1, the TT mode of h and A is no longer avail- 
able as a signature: the search must be performed in quadri-jets. High luminosity 
on the Z (as well as above it) will be very useful. 

The same is true for the neutralinos search (Figs. 31, 32), although, as we have 
said, the SSM suggests exploring rather the chargino domain at LEP 1 and 200. 

5.4.4 Flavour-changing neutral currents 

The existence of a fourth generation and of further new physics (such as two 
Higgs doublets) predicts flavour-changing neutral currents (FCNC), leading to 
unconventional final states [SO] (Fig. 41) if they are kinematically accessible: 

Z + bs , Z -+ b’b , Z -+ t’c , etc. 

There may be doubts about the occurrence of the last two. 
The same can happen for leptonic decays [61]: 
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For the leptonic modes, the most obvious background is Z + TT, with one 7 
decaying into Pvv, the Iepton carrying most of the momentum. The momentum 
spectrum is nearly linear in that region, and under the width of the peak at the 
beam energy (given by the momentum resolution c) the background is roughly c2. 
Putting in numbers [t x 2%, BR(T -+ /IVV) x 20%], one can expect that, with 
large statistics (- 10s Z), branching ratios of a few 10e6 should be accessible. 
Before and during this Workshop, Monte Carlos have been run on these processes. 
The results are shown in Fig. 47 [62, 571. 

From the hadronic FCNC, only the Z + bS has been carefully studied at the 
High Luminosity Workshop [57]. The s-quark is identified through 4 -+ K+K-, 
the b-quark through its secondary vertex. The results of the simulation are given 
in Fig. 43. 

5.4.5 The Z as a bb factory 

The Z is a democratic source of all fermion pairs. For instance, the physics 
that could be extracted from a few million T pairs is to be studied; and whilst 
information on the v, mass is probably the domain of dedicated T factories, we 
should learn much about the Lorentz couplings of the T on the Z, for example. 

For b6 physics, the prospects are the following. From 100 million Z (visible), 
about 19 million events of the bb type are available, i.e. 38 million ‘B’ particles. 
According to the Lund fragmentation model, their distribution by population 
should be as indicated in Table 11. 

One can say that a single exposure (to be compared with the situation at 
threshold bb factories) provides an abundance and a variety of beauty species. 
Table 11 and Fig. 44 give the main characteristics of bb events [63] according to 
the Lund program. Various properties allow such events to be tagged in a very 
efficient manner (leptons, offsets in a microvertex detector, leading particles, etc.). 
However, the impressive results of Table 12 [64] should be viewed with caution 
since we will be looking for rare and peculiar b-decay modes, whilst the tagging 
results are obtained for typical events. One way out would be to tag on one jet 
only, leaving the other jet free. The effect of this procedure has yet to be evaluated 
in detail, but the efficiency should still be high. 

A sine quo non condition for performing good b physics is the implementation 
of a high-performance vertex detector. Table 13 compares, for instance, the char- 
acteristics of the present DELPHI vertex detector with those of an ideal one [63]. 
We should go from two to three layers; the inner radius should be decreased-but 
remember subsection 5.2-and the lever arm possibly increased. in order to limit 
the Coulomb scattering, the vacuum chamber and microvertex layers should be 
kept as thin as possible. [If this is achieved, and if the main vacuum chamber 
represents a large fraction of the remaining thickness, we should try to push it 
outward (near the third layer). This means that the first two layers should be in 
a pre-vacuum region, just separated from the ultravacuum of the machine by a 
thin window. This is quite challenging technically (and may be impossible), since 

Fig. 43 Limits accessible for Z-, b.i (Ref. [57]). 

Fig. 44 Momentum of tracks from bb events at the Z: - - from B, L?; - - - at 
the main vertex (from Ref. [SS]). 
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cooling, as well as shielding against electromagnetic noise, has to be achieved.] It 
is also likely that the inner layer, at least, would provide both coordinates with 
good accuracy, although 5 pm is not mandatory. All these conditions imply a 
major technological step forward, compared with present achievements. But we 
could then safely expect a longitudinal resolution of typically 150 pm on the decay 
vertex of B particles, with minimal confusion and wrong attribution of B tracks 
to the main vertex (Fig. 45), a source of error in the determination of the charge 
of the decaying beauty particle. Beauty physics can be obtained from an exposure 
on the Z at various levels of integrated luminosity. We give four examples. 

5.4.5.1 The measurement of the lifetimes of indrvidual beauty states. There 
are two possible ways of doing this. One is to use semileptonic decays, 

BO + evD, (1) 
Bf -+ PVD, (2) 
B. + IvD. , (3) 

and to identify the D states produced. The flight length is obtained from the 
intersection of the lepton and the D trajectories. The rate per million Z should 
be 200-300 for processes (1) and (2), and 20-30 for process (3). As we shall see 
later, the knowledge of the B momentum can be improved by various constraints 
and should be at the - 10% level. 

Another way is to reconstruct exclusive decays; for instance, 

BO --,IkKn, B* -+ $K . 

The rates depend on the branching ratios [SS], which in most cases are poorly 
known. More information should come from CESR (C ornell) before beauty physics 
really starts at LEP. 

From the already available information and using guidelines from theory, one 
can draw up Table 14, giving for various channels the number of events produced, 
and -when details are to hand- the expected number of reconstructed ones, 
from Monte Carlo simulation. One should reasonably foresee that with 10 million 
Z the lifetimes of individual species will be measured to - 3% or so. 

Serious competition is to be expected from fixed-target and hadron collider 
data. 

5.4.5.2 Rare modes o/ the l?. These ‘precious rarities’ [66] should give access 
to the V(b -+ u) Kobayashi-Maskawa (KM) matrix element (B + XII, pp, TV, 
etc.), and can open windows on new physics (b ---) ST, B -+ K@). 

Figure 46 recalls that whilst such branching ratios are small-r even 
inaccessible-within the Standard Model, new phenomena such as SUSY could 
boost them to quite observable values. 

A threshold B-factory has well-known advantages; the main one is its excellent 
mass resolution of reconstructed channels (of a few MeV), obtained with the help 
of beam constraints. At LEP, on the other hand, whilst the mass resolution 

Fig. 45 Probability of wrong assignment of B tracks to the main vertex as a 
function of flight distance: a) microvertex 1 of DELPHI; b) microvertex 2 with 
one coordinate; c) ideal micro vertex 2 (from Ref. [63]). 
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is somewhat worse (typically IY 2: 40-50 MeV), the natural boost ensures the 
visibility of the B decay vertex, which is the only secondary vertex for charmless 
decay modes. It also guarantees that the decay products of the two b’s are in 
opposite hemispheres, with no possible confusion: for a ‘meagre’ final state such 

. as B -+ TV, this is certainly a major advantage, compared with threshold BB 
physics. 

A few exercises have been done along these lines (671 (see Fig. 47). So far it 
has not been demonstrated that B + TV, for instance, can be specifically explored 
down to the expected rate. 

5.4.5.3 The mizing of B.. We can admit that the mixing of ordinary B’s will 
be well measured at the time of pretzel LEP. Inspection of the KM matrix (see 
Table 14 for notation) shows that the measurement of z, (z = AM/I), once zd, 
p, and X are known, gives access to the phase of the matrix: 

2. 1 
-= 
zd X2(1 + ps - 2pcos6)’ 

Experimentally (Fig. 48), we know that I. is larger than N 3. Therefore, for B, 
states we can expect quite fast time-oscillations. 

We can readily state the resolution that is required from a vertex device in 
order to give access to a.measurement of these oscillations. The period is T = 
(2*/z)r, and it corresponds to a spatial distance of (~H/z)~cT. If we say, for 
instance, that we should resolve a third of a period, then the required resolution 
on the flight path (which in fact means the resolution on the secondary vertex, 
see Table 13) is 

Al = 4.412 (in mm). 

The formula giving the resolution in proper time can be written as 

(g = (Lc)‘+ (; 2>* 
The first term is geometrical; the second one comes from the uncertainty on the 
energy of the B, and its contribution increases with proper time. 

Attempts tosee B. oscillations by fully reconstructing B, final states are too de- 
manding in statistics. Work has been carried out along the lines of semi-exclusive 
processes such as 

B. -+ t?YD. , 

where only the charged tracks of the D. (containing either zero or two K’s) are 
used. In spite of incomplete reconstruction, the intersection of the P and D lines 
of flight gives a proper measure of the secondary vertex: Fig. 49 [63] shows that 
according to the estimate made above, s-values as large as N 20 are accessible. 
However, we also need the 7 factor of the decaying B., and incomplete reconstruc- 
tion could be a problem. In fact, the peaked fragmentation function of the b-quark 
(Fig. 50) gives, by itself, a good indication of the B momentum. The situation can 

-6% 

Fig. 49 Accuracy on the B. decay vertex using semileptonic decays. 

Fig. 50 Fraction of beam energy taken by the B particle (Lund MC). 



be improved by getting rid of the low-energy tail of this distribution, using the 
measurement of particles accompanying the B. In Ref. [SS] the best exploitation 
of constraints due to partial measurements (vertex, etc.) has been performed for 
processes such as B, -+ P,D., B. -+ hadrons + D,, with the D. measured only 
through 2 3 charged and identified prongs. The results shown in Fig. 51 confirm 
that we end up with proper time resolution of the order of 7-10X. The uncer- 
tainty on energy has no effect for short flight times, but precludes exploitation of 
the distributions for too long flights. Tagging of the other B proceeds as shown 
in Table 12b 1631. 

Another nice study [69] uses a Fourier transform of the time distribution to 
extract the mixing parameter. Through the convolution theorem, the resolution 
curve thus enters as a multiplicative function. 

In Ref. [63] a synthetic and transparent formula is derived, which gives the 
number of B and thus the number of B, needed to measure z. with a given accuracy 

where A is the asymmetry, p is the factor by which the oscillation is damped due 
to finite resolution, etc., and P is the purity of the B, sample. 

All the three studies conclude that oscillations can be measured up to - 10 
with - 5 million Z (provided the microvertices are in operation during the expo- 
sure) and up to - 18-20 with the pretzel exposure (1 25 million Z) (Fig. 52). 

Compared with B factories, the Z seems to be more efficient at large z. values 
(> 5) as shown by Fig. 53, which gives the damping factor of the oscillations: a 
constant for B factories (on the left) since Al/L o is the only contribution @, = 
0.4 and 50 pm resolution were taken); a factor decreasing with f/r for LEP (on 
the right) because of the uncertainty in the B energy. 

The oscillation pattern Ref. [SS] is shown in Fig. 54. 
As illustrated by Fig. 55, the measurement of 5, combined with others such 

as IVt,u/Vhl will give access to the phase of the KM matrix, a quantity which 
probably governs CP violation: it is therefore a crucial measurement. 

5.4.5.4 CP violation in the E system. This is the most ambitious goal of beauty 
physics. 

CP violation in the maSs matrix, which is to be searched for using dileptons, 
is totally out of reach within the framework of the Standard Model (10m3 ex- 
pected); conversely, an exposure of 10s Z could give access to the observation of 
CP violation with a non-standard level of a few per cent. 

n It -iG dlstrlbutlon a) 
for the hadronlc modes 

Number of events /0.02 

Fig. 51 The resolution on proper time achievable for inclusive B. channels (Ref. 
IW. 
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The most promisind way is to consider decays to a CP eigenstate that are 
accessible from two different paths, such as 

B’--+$K 

. \/” 
I30 

Other final states could be considered as well (GK’, D’+D-, . .). Clearly, it 
is imperative that detectors should be able to isolate such channels clearly; for 
instance, they should not mix r/Kg and $K ‘* by missing the extra TO: this is a 
sine qua non requirement. 

A naive calculation of the number of bb needed to give an n, effect gives 

For n, = 3, A = 0.2, BR = 5 x10e5, tlas = 0.2, c&t = 0.3, and cg0 = 0.35, we 
obtain 

Nbi, X 10s events 

Figures 56a, b show that with a good vertex detector, the time evolution of the 
effect can be exploited. Figure 56a represents the most favourable asymmetry for 
the z,6KO, mode between B” and B”: 

BO -+I/K~cxe-r’(l+sin$sinzrf), 

I30 -t $JK~ cx eer’( 1 - sin $sin zI’t) , 

for the largest possible value of sin6 z 0.6. Figure 56b indicates that on the 
tagging side a cut against long flight times can limit the unwanted mixing. 

A more serious evaluation has been done at Snowmass (701, where all types 
of bL factories have been compared. Table 15 shows the following interesting 
features: 

l The next-to-last line demonstrates that still within the Standard Model 
the uncertainty in the expected asymmetry is quite large. Only the most 
favourable side of the domain can give rise to observable effects. 

. Even then, the task is difficult. On the Z without polarization, the required 
integrated luminosity is 0.5 x 10” cme2; this corresponds to a quantum of 
1.7 x lOa Z, which is larger than the one we considered. An OPAL study 
indeed shows that the number of tagged and reconstructed Bf is unfortu- 
nately quite limited. (- one per lo6 Z Our only hope to have a good chance 
of reaching the SM-level CP violation is through a very luminous asymme- 
tric BB factory (/3r 2 0.4,L x 10% cme2 s-l), which is not easy to build 
and exploit. The idea of a pretzel should not compromise the efforts to 

a) 

L 
113 L 5 l/T h 

b) 
_-- -_ 

1 1 3 L 5,,r 

Fig. 56 a) Bd (top) and fi,J (bottom) decay into $Kg (sin 4 = 0.6); 
b) B” -+ (P-X) (full line) and B” (C+X) (dotted line). 

Fig. 57 Total cross-section for HZ production as a function of .!&,,, for a range 
of Higgs masses. The curves corrected for initial-state bremsstrahlung values of 
rnz = 93.8 GeV/cZ and sin’0, = 0.22 were used. 
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6.1 How to get there? 
A sine quo non condition is to have a sufficient number of appropriate super- 

conducting RF cavities. The present state of the art is well described in Ref. [7], 
and results seem quite promising. Pure Nb cavities have exceeded the design field 
of 5 MV/m and reached Q-values between 2 and 3 x log. Niobium-coated copper 
cavities (1 pm Nb layer deposited by magnetron sputtering) have been shown to 
be free of thermal breakdown and insensitive to small external static magnetic 
fields. Accelerating fields up to 9 MV/m have in some cases been reached, as well 
as quality factors of 5-7 x 10’. The low transverse impedance of the SC cavities 
offers the possibility of storing higher currents, besides increasing the power. 

Table 16 (72) shows the number of cavities needed to reach various energies, 
and the approximate date when the exploitation could start. In principle, up to 2 
x 192 cavities could be arranged around the LEP tunnel, although this would be 
a heavy financial and technical burden. It would be interesting to have (I priori 
clear physical guide-lines about the maximum RF power that we would like to see 
ultimately installed. 

To implement the pretzel scheme, room should be provided for the separators. 
The same is true for the rotators providing longitudinal polarization: it seems 
that technically the coexistence of all these requirements could be achieved [73] 
in a peaceful manner. 

Table 17 describes another aspect of the energy increase, namely a set of scaling 
laws that are valid under given assumptions [9]. They lead to the expectation of 
an increase in luminosity, at least as 7 (constant current), and may even be faster 
if more than 3 mA per beam can he stored. A reasonable guess is 

L N 5 X 103’ cme2 -’ s (peak) , 

which means that we need two to three years in which to accumulate 500 pb-‘, 
the ‘Aachen quantum’. It is clear that any further gain in luminosity would be 
welcome, and this implies more RF power. 

design such a threshold machine. We should not forget that the world could 
be non-standard and that the search for CP violation should in any case 
be performed systematically at LEP. A substantial amount of polarization 

. (711, providing an automatic tagging of b (versus b), would greatly help. 
We have seen that such polarization is not (I priori incompatible with the 
pretzel scheme, although we enter a domain of wild speculation. 

5.4.6 Conclusions on the high-intensity option 

The exploitation of high intensity at LEP 1, which increases the speed of Z 
physics and offers the possibility of an exposure of 10s such particles, is certainly 
a very interesting option. 

l It is not an alternative to LEP 200, nor to the use of polarization at the Z. 

a It can provide very accurate measurements of essential quantities, such as 
the number of neutrinos, obtained by the radiative method. 

l It will make it possible to substantially improve the accuracy of the tests of 
the SM through the well-known methods (e.g. lepton and quark width and 
asymmetries, r polarization, etc.). High statistics allows us to get hadronic 
partial widths such as Fbt, with great accuracy. However, for the determina- 
tion of sin20 through asymmetries, compared with a measurement of ALR 
with polarized beams, the volume of work and the number of problems to 
be solved are much greater for a result of somewhat lower quality. 

a High luminosity may reveal rare decay modes of the Z that are of consider- 
able interest, and many of these channels should be studied carefully. 

a The pretzel LEP is a factory for l? states. The prospect of identifying qq 
states is good. In particular, for bb, the pretzel represents a very promis- 
ing approach with a large amount of physics output, part of which would 
already appear at the level of 10’ Z. The measurement of xa through the 
mixing of tagged B, can be performed under very good conditions (at the 
different hadron colliders), and it is a crucial one since it gives access to the 
KM phase. The success of the most ambitious goal, i.e. CP violation, is 
not guaranteed, and nature will decide. This statement is true for all the 
facilities being considered at present. I think that the implementation of 
the pretzel should not preclude the continuing effort to conceive an ‘ideal’ 
threshold BB programme. 

6 LEP 200 
LEP 200 has been thoroughly studied in Ref. 131, so here I will focus on only 

a few particular points. -73- 

6.2 WW Pair Physics 

We will not repeat the physical arguments in detail (see Ref. 131). 
With 500 pb-‘, the W-pair sample is still meagre, as indicated in Table 18. 

The main objective is an accurate measurement of the W  mass. Three methods 
would allow us to reach N flO0 MeV/cZ, namely 

i) the threshold dependence of oww, 
ii) the end-point of the lepton spectrum W  -+ Iv, 
iii) the reconstruction of W W  -+ 4 jets and dijet mass. 
It is important to disentangle the statistical and systemat ir errors so as to know 

what would be the impact of an increase in 1uminosit.y. It turns out that. only the 
first method would benefit from it: with twice as much data, the uncertainty on 
mw could probably be decreased to f70 MeV/cZ. If further study were to support 



this conclusion, this would be an argument in favour of our attempt to fix idea-s 
about the amount of RF power needed. Other aspects of W-pair physics may 
benefit also from the increased luminosity. In principle, the RF power needed to 
run LEP at fi = 200 GeV and normal current could allow the storage of twice 
as 111ax1y bunches or twice as much current at 170 GeV. 

6.3 Fermion-Antifermion 

The various asymmetries A& at LEP 200 are important factors in the hunt 
for new physics and in disentangling the origin of possible effects (we speak of 
unpolarized asymmetries, since we are unlikely to get polarization at high energy). 

The accuracy on these asymmetries is statistically limited and would also 
benefit from an increase in luminosity. 

In particular, we recall the typical correlated pattern of deviations that could 
be found if the strongly coupled Standard Model is a reality (Fig. 35). 

6.4 Searches 

In the case of the Higgs it is important to get clear ideas about the influence 
of the energy end-point on the physics reach. The Higgs production cross-section 
at LEP 200 is giveu by Fig. 57: we can see a smooth dependence \vith mass and 
energy above the threshold. Previous studies have shown that the classical Higgs 
can be discovered up to - SO GeV/c’. If the mass were higher, i.e. in the vicinity 
of mz, then it was felt that the ee + ZZ background would preclude observation 
of the Higgs. However, if an efficient tagging of the b6 final state is performed, 
this may not be the case. Tthe rate of ee + bbff is significantly modified if 
the Higgs is present, and preliminary studies show that the presence of a Higgs, 
even having the same mass as the Z, can be rcvcalcd through an excess of bbPl 
and t&qq events with an integrated luminosity of 500 pb-’ and fi 2 190 GeV, 
provided b tagging with an efficiency of - 50% and a purity of - 2/:3 is achiered. 

For a classical SM Higgs, this mass range has nothing magic about it. However, 
for the Higgses of minimal SUSY, tt le vicinity of mz is a singular point as already 
stated. At tree level the ho is always lighter than the Z, and its mass is quite close 
to rnz for a large region of the parameter space (Fig. 5s). The other scalar. H”, 
is always heavier than the Z, but again, in a large complementary region of the 
parameter space, its mass is within a few GeV/c’ of the Z mass. The sum of the 
cross-sections of the two processes 
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Fig. 59 The suxn of cross-section for ee+ h”Z and ee+ H”Z as a function of 
tan /3 (valid at tree level). 

er 4 h”Z 

et’ --t 1l”Z 

is always, at a given 6, larger than the cross-section of the classical process 
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ee + H(mn = mz)Z (Fig. 59) , 

aseuring a jortiori the visibility of the SUSY Higgs (741. However, the available en- 
ergy hrr~~ to be 2 196 UeV; at 180 GeV the exclusion region in the plane (tgp, r-n,,) 
would be incomplete. 

This picture is valid at tree level. As we said one expects however that loops 
involving the top will raise the masses: ho may become heavier than the 2. By 
how much depends critically on the top mass. If the shift is not too large one can 
hope that the maximum 4 can be raised accordingly. 

The exploration of the SUSY Higgs sector, which can lead to the falsification 
of the minimal SUSY model, is a crucial point that should be considered when 
one defines the maximum 6 and the integrated luminosity at LEP 200. 

Figure 60 shows that for SUSY Higgses the associated production mechanism 
quoted for the 2 (431 is present at LEP 200 with rates which should allow their 
observation 1751 but only up to a certain mass well below rnz, It has been shown 
[76] that LEP 200 would allow the observation of many other new objects up to 
the kinematical limit, or close to it, and I refer the reader to these studies 131. 

7 POLARIZATION AT LEP 

7.1 The Prospects for Polarization 
These are developed in Ref. [4), and I will merely summarize the main features 

and conclusions. 
At the SLC (771 the method is to inject polarized e-, extracted from a GaAs 

crystal illuminated by a circularly polarized laser. A mean value of - 45% is 
expected for the polarization. Clearly, only e- can be polarized this way. 

At LEP, the Sokolov-Ternov (781 effect. builds up a transverse polarization 
with the spin of e- antiparallel to B’. The build-up rate is exponential: 

p(t) = P$d (1 - e-*/Tp) . 

The natural values for LEP at the 2 are Pzd = 0.924, rp = 5 h. Previously 
designed wigglers would give P, = 0.74, rp = 90 min. 

Dedicated wigglers have recently been proposed [Bl] for decreasing the polar- 
ization time while keeping the ideal polarization at a high level; we would then 
obtain 

P, = 0.88 , Tp = 36 min 

The overall cost of these wigglers is 2-2.5 MSF. They dominate the machine as far 
as polarizing and depolarizing effects are concerned. Unfortunately, they strongly 
enhance the beam energy spread. 

o(e'e--t H; b6) looooo riz 
$, IQ”1 

Fig. 60 The cross-section for e+e- + Hsb6 in the SUSY model for IQ/VI = 10 
and 20, for different values of mn,. 

Fig. 61 The expected level of polarization after corrections, including partial 
harmonic correction (Ref. ISO]). 
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These wigglers have been found, by simulations, to simplify polarization opti- 
mization procedures even when higher-order effects are included [79]. An asymp- 
totic polarization degree of N 65%, leading to an effective polarization of SO%, 
seems to be obtainable (Fig. 61). These wigglers lead to much synchrotron emis- 
sion, a cause of depolarization. The key to spin matching is thus to decrease, at the 
location of the wigglers, the spin-orbit coupling, which governs the spin rotation 
due to a change in energy. This has been satisfactorily performed theoretically 
W’l. 

But what is needed for physics is longitudinal polarization, which will necessi- 
tate having spin rotators on both sides of each experiment. Two types of rotators 
(Fig. 62) are being studied: Montague rotators [81] incorporated in the arcs and 
involving both vertical and horizontal bends, and Richter-Schwitters (RS) rota- 
tors [SZ] installed in the straight sections and with vertical bends only. 

It is now admitted that the latter type is the only practical one. It is simpler 
and cheaper. But the main reason is that RS rotators can be properly spin 
matched [83] and will not lead to depolarization. However, they will force the 
experiments to be tilted longitudinally by b 1” and will be an abundant source 
of extra synchrotron radiation. Various collimators have been proposed in order 
to decrease this background, but they will very likely be insufficient, and each 
experiment will have to foresee further masking so as to protect itself. 

7.2 The Bunch Configuration 
Once the rotators are active, the natural configuration of helicities is such 

that colliding e+ and e- have equal helicities (Fig. 63a). For full polarization, this 
corresponds to a null cross-section in the approximation of a vanishing electron 
mass! Therefore, one of the two colliding bunches needs to be depolarized selec- 
tively. This is technically feasible with high efficiency, with a negligible increase 
in emittance, and using the existing equipment 184). 

7.2.1 The classical scheme [SS] 

In a two-bunch situation we are therefore led to the spin configuration shown 
in Fig. 63b, which is obtained by depolarizing every other bunch in each beam. 
This configuration is equivalent to that of the SLC, where successive e- bunches 
have opposite helicities (Fig. 63~). We get two types of crossings: 

type 1 with oi = oU - Put , 

type 2 with cs = (T, + Pat . 

The respective cross-sections give us the asymmetry 

a) Vertical bend rotator 

b) Montague’s combined bend rotator 

c) The movement of the spin vector in Montague’s rotator 

Fig. 62 Two types of rotators: a) Vertical bend rotator. b) Montague’s combined 
bend rotator. c) The movement of the spin vector in Montague’s rotator. 
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with 

ALR = $ , 

which again shows that an excellent knowledge of the polarization is needed: 
better than 1% in absolute value. At the SLC, measurements of Compton back- 
scattering and Meller scattering [77] will be combined to obtain the value of the 
polarization. It is not yet clear whether the figure of 1% is a completely realistic 
goal for such types of measurements. This uncertainty was casting a serious doubt 
on the potentiality of polarization until the four-bunch scheme, specific to LEP, 
was proposed by Blonde1 [SS]. 

7.2.2 The four-bunch scheme 

With four circulating bunches in each beam, and with the possibility of se- 
lectively depolarizing any of them, the configuration of Fig. 63d can be realized. 
There are now four types of crossing, with the corresponding cross-sections: 

ol=o”-P~ac, 
02 = 0” t P,+ar , 
03 = ff" , 
04 = (1 - P,‘P,-)O” + (P,’ - P&l 

In an ideal machine, where all 4. are equal and depolarization is complete, it 
can be seen that the measurements of 6, and us give Ann, as before, whilst us 
and o4 give PL, the absolute value of the polarization, which is now obtained from 
the data themselves. The desired statistical accuracy on PL requires, in principle, 
of the order of only 10s Z events. 

7.3 The Experimental Requirements 

In spite of the help afforded by this scheme, an accurate measurement of ALR 
poses two serious problems. In practice, the following integrated luminosities will 
be registered: Lr with P,+ I P+ and P,- = 0, giving Nr events; Lz with P,+ = 
0 and P,- = P-, giving Nr events. We will have 

P+ N P- = P ) L, N Lz = L 

Defining 
NI - N 

Aexp = ___ 
N, + Nz ’ 

we obtain 

which shows that 

*- ---*-----• ---- -+ 

.’ . . 
-___ 

.- ~--*------* ------ 
- 

a) Natural b) Two-bunch scheme at LEP 

I- ---+------c----+ ~----*-----------e----~-* 

--__ 7 2 3 4 
*'Me- .----- +------ *-*--*------ .------* ----- +- 

c) SLC scheme d) Four-bunch scheme at LEP 

Fig. 63 The helicity configurations. 

Fig. 64 Compton back-scattering (schematic). The recoiling e’ and 7 in the 
laboratory follow the direction of the incoming e- within a few microradians. 

Fig. 65 Up/down asymmetry in transverse polarization measurement (from Ref. [SS]) 
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I , 

i) the uncertainty due to lack of knowledge of the polarization is 

AP 
AALR=ALRP, 

thus a 1% relative error on P gives 1.6%0 on ALR; 
ii) the uncertainty due to lack of knowledge of the relative luminosity is 

AALR N 1 NLz - L) 
P L2$ L, ’ 

and a 2%0 error on the relative luminosity A(L,/Lz) = AL/L gives 2%0 on Am 
for P = 0.5. 

These are the typical performances that must be achieved if the systematic 
error on ALR is to match the statistical error corresponding to lo6 Z. 

7.4 Polarimetry 

7.4.1 Remaining requirements on polarimetry 

In reality, the situation regarding polarization is more complex than in the 
ideal case. Depolarization may not be complete. Polarization of bunches 1 and 4 
for e-, and 2 and 4 for et, may be unequal. Polarization in the e- beam can be 
different from that in the et beam. This last effect can also be measured directly 
from the cross-sections 

To cope with the former possibilities, we still need polarimetry for monitoring 
the polarization in both e+ and e- beams. Polarimeters are therefore needed in 
both beams. Their answers must be fast and precise; specifications are discussed 
in detail in the papers on Polarimetry in Ref. [87]. Because of the possibility of 
measuring AP*, the polarimeters fortunately do not have to be calibrated against 
one another. 

Even if the absolute value of polarization is obtained from the detector itself, 
the requirements on polarimetry are still quite severe, particularly with respect 
to the bunch-to-bunch systematic effects. To achieve an accuracy of ALR = 0.025 
with about 10s 2 events, the polarization measurements should reach the following 
precision: 

i) ISP, 2 (l-2) x  lo-* obtained in several minutes, to average cross-sections 
taken with different polarizations; 

ii) 6(AP.) N 3x10-‘, where AP. is the differencein level between two polarized 
like-sign bunches; 

iii) 6P. N 5 x  10m3 for ‘unpolarized’ hunches. It seems that these requirements 
are likely to be met: Ref. (871 concludes that, including systematic effects, the 
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electron polarization can be measured to - 0.3% in less than 20 minutes of LEP 
operation. 

7.4.2 The two schemes for polarimetry 

For such critical measurements, redundancy is certainly welcome, and besides 
the transverse polarimetry foreseen by the LEP group [SS], there is the neces- 
sity to provide also measurements obtained at locations where the polarization is 
longitudinal (871. 

Both types of measurements should be equivalent if the spin rotation is well 
controlled. However, the sources of systematic errors are quite different in the two 
cases. 

The two schemes use a common method: namely, Compton back-scattering of 
a laser beam (Fig. 64), shot at a small angle onto the e* beam, and the detec- 
tion of recoiling photons. But the observables are different: flipping the circular 
polarization of the laser leads 

- in the case of transverse polarization of e*, to the inversion of an up-down 
asymmetry in the distribution of back-scattered 7 (or e) (Fig. 65); 

- in the case of longitudinal polarization of e*, to a change in the shape of the 
energy spectrum of the recoiling 7 (or e) (Fig. 66). 

In both methods, considerations of background lead to a preference for a mul- 
tiphoton mode of operation in which, at each shot of the laser, a large number of 
photons are back-scattered and detected. 

In the first method the ratio of the signals is measured in the up and down 
parts of a calorimeter (Fig. 65). The luminosity of the laser-beam interaction 
does not matter: on the contrary, the quality of the geometrical alignment of the 
set-up is crucial and has to be achieved by exploiting symmetry properties. Beam 
divergence also has to be accurately controlled. 

In the second method, if gammas are detected as such, the knowledge of the 
luminosity of the laser-beam interaction is crucial. This is a very unattractive 
feature, and a conversion method (Fig. 67) has to be used: gammas are converted 
into e+e- pairs, which are analysed by a magnet, and the observables are ratios of 
energy deposits in a set of calorimeters, located symmetrically downstream from 
the magnet. The loss in rate, compared with that in the direct method, is severe 
(- 30) but is compensated by the increase in sensitivity, and the dependence on 
the properties of the laser-beam interaction disappears. 

In the case of straight-section rotators, polarimetry is also being considered: 
it could involve the detection of recoiling e and -y. 

7.5 Normalization 

7.5.1 Requirements 

We recall that in the measurement of Aa, without polarization, the normal- 
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Fig. 66 The modification of the energy spectrum of back-scattered photons from 
longitudinally polarized electrons when the circular laser polarization is reversed, 
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Fig. 67 The conversion method for detecting the back-scattered photons. 
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ization of the exposure is not important. 
For ALR, on the contrary, we saw that the relative normalization between the 

exposures taken with each type of helicity configuration must be known with an 
accuracy of at most 2%0: this seems to be a severe requirement, but we emphasize 
that it involves only a relative comparison between two types of crossings following 
each other at an interval of 23 ps. 

For AZ,"' the requirements on normalization are less severe: if the conditions 
are acceptable for ALR, the error on AZ' will be negligible. 

7.5.2 Method 

To reach the accuracy of 2%0, only one process can be exploited: Bhabha scat- 
tering at small angles. The rate increases very quickly in the very forward region 
(cx l/e’). The weak effect on the cross-section is very small in this angular domain 
and can be corrected for. There is no dependence of the rates on polarization. 

In Section 3 we have said that all four LEP experiments have a SAT, generally 
spanning the domain between w 50 and 150 mrad (except for L3, which reaches 
smaller angles, t&j, z 25 mrad). The Bhabha cross-section in that region is 

u,+,- zz uz x 25-30 nb (- 100 nb in the case of L3) 

In a typical run the statistical accuracy is 2% (1% in L3). Approximately one year 
(10’ s) at nominal luminosity (1.3 x 103r peak, 0.70 x 103’ average) is needed 
in order to reach the desired figure (- 1.6%0 statistical, which leaves room for 
l%o systematic error to reach - 2%0 overall). This is already longer than the 
time needed to register the required amount of data in the optimized four-bunch 
scheme, and we can see that because of the normalization, the statistical error is 
increased by w J”i. Furthermore, owing to the low counting rate in the SAT, the 
systematics of the luminosity measurement cannot be controlled on a short-term 
basis. 

Small-angle taggers are quite elaborate detectors, having both tracking and 
calorimetric functions and good energy resolution and segmentation: this sophis- 
tication is needed for reaching the excellent absolute accuracy (2% or better) re- 
quired for cross-section measurements. As the SATs are located at relatively large 
angles (compared with the beam divergence, for instance) they are not affected- 
if used carefully (see below)-by systematic effects related to the geometry of the 
interaction region. A satisfactory solution to our problem would be to decrease 
the lower limit of the angular acceptance of such detectors, so as to be able to 
register about three to four times more Bhabha events. 

In fact, all four experiments have already decided to reduce the radius of 
their beam pipe. The motivation is generally to improve the performance of 
the microvertex coverage. But the SAT arrangement will benefit from such a 
modification if the use of masks (against synchrotron background) close to the 
crossing point-which is a likely condition-does not jeopardize the possibility of 
accepting e* in the angular region of interest (20-50 mrad). 



Besides the SAT, experiments are also exploiting a VSAT with typically oe+<- - 
IO-20 x oz. The problem of statistics disappears. But these detectors, being lo- 
cated at angles between 5 and 10 mrad, are more sensitive to a set of systematic 
effects, which have to be identified and controlled with great care. 

7.5.3 Control of systematic errors 

After the first year of experimentation, all the experiments consider that an 
absolute value below 1% is a reasonable expectation from the SAT but, as al- 
ready mentioned, this depends on the quality and elaboration of these devices 
(see Ref. [SS]). Reaching this figure also requires a very accurate treatment of 
radiative corrections to small-angle Bhabha scattering [go]. 

In fact, we are interested here in the relative aspect of normalization. Because 
of the fast alternance of crossings of both helicity configurations, most of the 
effects (radiative corrections, detector position, efficiency, etc.) just cancel, and it 
is difficult to see what can contribute to a relative shift except 

i) the background, and 
ii) the shape and the position of the luminous region, 
all of which can be different from one crossing to the other since the intensities 

and emittances of bunches can vary. If such variations occur, they will have 
different effects depending on whether they happen randomly or are systematically 
different from one bunch type to another. 

The possible strategies foreseen are the following: 
1) To measure the background, which can be due to off-momentum e-, beam- 

gas interactions, etc. It has been shown (Ref. [89)) that by designing a complete 
set of measurements of various random coincidence rates on a bunch-to-bunch 
basis, the problem of background subtraction can be treated correctly. 

2) To decrease the sensitivity of the detectors to the features of the luminous 
region [91]. The SAT and the VSAT are symmetric detectors, with both arms 
identical. However, whenever there exists in them a mask or a position-measuring 
device, it is possible to get an asymmetric acceptance de facto or off line (Fig. 68). 
Intuition and simulations show that the sensitivity of the normalization procedure 
to parameters such as the centroid displacement or the divergence of the beams in 
the collision region is much decreased, without appreciable loss in rate. Since the 
dependence of the rates on these parameters cannot be completely suppressed, a 
correction must still he performed. 

3) To be informed of such variations so that they can be corrected for. 
One source of information will be the measurements of the machine-surveying 

instruments. Each interaction point will be equipped with a luminosity moni- 
tor [92], which is located at f15 m from the interaction point; it is similar in 
conception to the proposed VSAT and is operated by the LEP team. Its ex- 
pected performances can be deduced from Fig. 69 and will afford an interesting 
cross-check. 
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Fig. 68 The principle of an asymmetric acceptance for a luminosity detector. 

b) 

Fig. 69 The LEP luminosity monitor and its performance (from Ref. 192)). 



and 
Moreover, a whole set of measurements will be performed for each crossing 

will be made available to the experiments: the bunch intensities (which are 
supposed to stay equal between e+ and e- bunches to better than 1%) and their 
emittance, angular divergence, lateral displacement, etc. These measurements are 
shown in Table 19, which contains the nominal values, possible displacements, and 
uricertainties in the relevant quantities. 

To substantiate and improve the numbers in Table 19, much information will 
have to be obtained from the experiments themselves. This cannot be on a bunch- 
to-bunch basis; but in short periods-of the order of a filling-and with the re- 
quired accuracy, measurements of the mean parameters of one bunch type relative 
to another will be obtained. 

One class of such measurements is linked to the vertex reconstruction, and 
is quite accurate when a microvertex is available (typically N 25 pm transverse 
accuracy). 

Another source of information about the behaviour of the beams comes from 
the SAT-r rather from its tracking part, if it exists-and from the VSAT with 
its position detector. This is quantitatively discussed in Ref. 1871. 

The result is that-contrary to what one could fear in view of the limited rate 
of e+e- in the SAT-an experiment can be quickly informed of possible relative 
systematic effects at the IO/o0 to 2%0 level: it is not necessary to wait until the 
SAT has reached the equivalent statistical accuracy. 

Another interesting device, as far as the measurement of the beam divergence 
is concerned, is the divergence monitor proposed in Ref. [93]. 

For the Polarization Workshop 141, a group carefully studied the systematic 
effects in the relative normalization procedure for the two-monitor scheme (SAT 
and VSAT, to which one can add the LEP monitor). With the asymmetric accep- 
tance technique and with the accuracy of the information on the luminous region, 
we are certainly not far from achieving the required accuracy. But it is difficult 
to foresee exactly what the systematics of VSAT-type detectors will be, and we 
need to have some experience of their use. 

However, it is likely that by the time polarization is achieved, a new generation 
of SATs at smaller angles will be in operation, so that the statistical and the 
systematic problem will be solved by a single device. This is already the case for 
L3. We can also note that the SATs are already not far from achieving in absolute 
value the level of relative accuracy needed. 

7.6 The scenario and the factor of merit 
of the measurement of ALR 

The expression giving the statistical error on ALR, 

AAL’;;’ = 
1 

PZ(N* + N*) + ... ’ 

shows that the figure of merit of the measurement is 

F=/P’Ldt. 

Figure 70 gives the time dependence expected for polarization in a run. 
Figure 71, drawn under a set of likely assumptions, indicates that the optimization 
of this quantity does not correspond exactly to an optimization of the integrated 
luminosity; it reflects the fact that for polarization measurements, longer runs are 
preferred. However, the effect is small: of the order of 7%, with the dedicated 
wigglers. It is fair to define a priori which factor of merit should be our aim. It 
seems to us that a figure of J P’L dt 2: 10 pb-’ makes sense, because, as indi- 
cated in Table 4, it brings about the dramatic improvement of a factor of 4 in 
the accuracy, compared with the improvement that could be obtained in a much 
longer exposure (a factor of 4 for P = 0.5) without polarization. If at some time 
it is demonstrated that this goal cannot be reached in a reasonable period, say of 
the order of one year, this probably means that the whole polarization programme 
would have to be reconsidered. 

However, following in the discussion of the preceding section, we must realize 
that the above figure of merit, corresponding to 40 pb-’ with P = 0.5, will be 
sufficient only if some improvement in normalization has been made with respect 
to the present situation, so that the statistical error linked to the SAT is no 
longer a limiting factor: as we have said, this could be achieved by bringing its 
coverage down to 25 mrad. If the SAT acceptance were to stay at its present 
value, then 65 pb-’ would have to be registered instead. Table 20 summarizes 
these numbers. The impossibility of reaching a level of polarization of 30% would 
also indicate that the programme should not be pursued, since systematic errors 
behave as l/P. 

7.7 Systematic Errors in the Detector 

7.7.1 The case of ALR 

To measure ALR, in principle one simply flips the helicity of the beam and 
nothing is changed in the experimental procedure. 

One has to distinguish Z events from two-photon and background events. This 
has been shown not to be a serious problem. What really matters is only the 
stability of the selection from one bunch type to another. Since ALR is independent 
of the final state in first approximation, the efficiency of the selection of the various 
fermion-antifermion pairs in the Z decay is irrelevant as long as it stays constant. 

The only possibility of error could come from a large variation in the back- 
ground (not related to the luminosity) from one bunch type to another, if a.small 
fraction of this background creeps in at the selection level. Such a change in the 
background level is unlikely to happen, and it can be monitored. The probability 
that a machine background event can be registered as a Z decay is found to be 
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Fig. 70 The time dependence expected for polarization in a run. 

Fig. 71 The figure of merit (a); the comparison between its optimization and the 
optimization of the integrated luminosity (b). A ssumptions: dedicated wigglers 
on luminosity lifetime: r~ = 3 h; rp/rn = 0.4; P,,,.. = 0.65; filling time of the 
maching TM = 1 h; 100 days of continuous operation with L(0) = 103i cm-l s-i. 
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negligible with any reasonable set of acceptance criteria. The rate of 7-y events 
accepted within these criteria (and not affected by the helicity flip) can be kept 
so small that one can also forget about this problem. 

For AZ the situation is much more critical and it has already been discussed 
in Section 3. 

7.7.2 Flavour tagging 

It has been shown that AZ’ has several interesting properties and requires the 
identification of the final state. In the case of qq, this implies flavour tagging as 
well as the distinction between q and q. This problem is discussed in Ref. [32], 
has been reviewed in [57], and here we recall its main points. 

We can now forget about the tt final state on the Z; we are thus left with 
three down-type (d, s, b) and two up-type (u, c) quark flavours. It is generally 
considered that the heavy quarks (c, and especially b) are relatively easy to isolate 
with useful efficiency and purity, whilst this is not the case for light ones. However, 
given the present situation of b physics, for which mixing will complicate the 
asymmetry measurement, it would be preferable to measure also this asymmetry 
for another down-quark, for instance the s. 

Flavour tagging relies on the following: 
i) The knowledge of quark fragmentation for each individual JIavour. 
For the time being, paradoxically this is measured more accurately for heavy 

quarks. In particular, not much is known about the strange quark: this is un- 
derstandable since, at e+e- rings, the s-quark, because of its charge, plays only a 
minor role, whilst in deep-inelastic scattering, strangeness can be found only in 
the sea. The situation will change completely on the Z, where d-, s-, and b-quarks 
will be the most abundantly produced (- 15% branching ratio): an exposure on 
the Z should, in principle, bring us much new information on s fragmentation, 
and we will discuss this later. 

ii) A set of techniques allowing identification of speci&properties of the final 
state. 

Prompt leptons, with appropriate p and pr cuts to improve their purity, are 
well-known and efficient candidates for flavour tagging. From their identification 
and measurement, we can go a long way towards the isolation of beauty. 

These lepton measurements can be complemented by hadron identification, 
obtained either from dE/ds techniques in gaseous tracking devices or by the 
Cherenkov effect. Figure 72 summarizes the identification power of the Ring- 
Imaging Cherenkov (RICH) counter technique and gives preliminary results. 
Kaon/proton identification seems indispensable for most of the spectroscopic stud- 
ies. In b physics, it is also a ‘must’ to identify the various sources of mixing and 
have access to some rare modes of the B particles. For flavour tagging, the purity 
of isolated samples can be substantially increased if hadron identification is added 
to the measurement of leptons. 
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Fig. 72 Hadron identification by the RICH counters of DELPHI. a) Barrel RICH. 
The curves labelled I, K, p give the probability that the corresponding hadron is 
correctly identified. The rate of error is very small. b) Forward RICH. 

Finally, the use of microvertex detectors to identify secondary vertices, and to 
unambiguously attribute to them subsets of the banks of reconstructed tracks, is 
the latest well-known method of flavour identification. It improves the accuracy of 
the measurement, decreases the combinatorial problems enormously, and provides 
information on the lifetimes. This has been well illustrated for LEP microvertex 
detectors [94]. However, the present limitations of such devices are well known, 
too: because of the large radius of the present beam pipe, the accuracy of extra- 
polation is not as good as it could be, and it is impossible to cover angles below 
N 40”. All experiments are interested in improving this situation. This requires 
a reduction in the size of the vacuum pipe, and therefore a careful evaluation and 
rejection of background due to synchrotron radiation and lost particles, as we 
discussed previously. 

Another limitation, and one that is difficult to overcome, is due to the fact 
that part of the uncertainty in flavour tagging comes from confusing q and q of 
the same flavour: in such a case it would seem-and can be demonstrated-that 
the microvertex information does not help much. 

7.7.3 Methodology of flavour tagging 

This is described in Ref. [32]. The successive steps are: 
i) to define a signature for a given flavour; for instance 
- ss candidates must have leading K on both sides, 
- bb must have a (lepton-kaon) pair of like signs with adequate kinematical 

properties, 
- uu candidates must contain a leading proton, etc.: 
ii) to estimate the efficiency of the procedure and the uncertainty in the 

knowledge of this efficiency; 
iii) to estimate the purity obtained and the uncertainty in the knowledge of 

this purity. 
Formally, weights can be defined, such as 
Gss (the probability of being right), 
gm (the probability of confusing q and q), 
g”*” (the probability of selecting another flavour by mistake), 

the sum of all weights being unity. 
The g factors are obtained from a Monte Carlo program; the error on them, 

As/g, reflects the uncertainty in the knowledge of the fragmentation of the quarks. 
Globally, the true asymmetry can be expressed in terms of the measured one by 
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where C is a linear function of the weights. We have already said that for b- and 
c-quarks the present information about fragmentation is satisfactory, whilst it is 
poor for the light quarkssespecially the s. 
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A crucial point of the planned strategy of flavour tagging is that during the 
first phase of LEP physics, yielding several million Z, the various available Monte 
Carlo models-such as the different versions of the Lund Monte Carlo, the Webber 
parton shower model, etc.-can be accurately tuned so that they reproduce the 
results obtained for inclusive distributions of identified particles (or any other 
observable) in the Z final state. Indeed, with such Monte Carlos, there may be 
legitimate doubts about their predictive power when they are extrapolated from 
PEP/PETRA energies upward, and it is therefore important to feed them with 
experimental data from TRISTAN at present, and on the Z later. 

Nevertheless, Figure 73 shows that in their present state the different models 
already agree very well; the uncertainty on fragmentation can, for the time being, 
be defined as the remaining divergence (Ag/g 50.2). Figure 73 also exhibits the 
dominance of s (5) as the source of leading K in the final state, illustrating the 
remark made above about the role of the strange flavour at the Z. 

We have already mentioned that when the integrated luminosity is sufficient, 
the double-tag procedures-more demanding in statistics, but less prone to syste- 
matics-are very promising. We should not, however, underestimate the residual 
systematic error due to the uncertainty in the knowledge of the background. It 
seems that we will be able to devise procedures for measuring this background 
with the level of accuracy needed and, we are then allowed to expect that the 
errors will scale as - l/n. 

Tables 3 and 9, which are explained in detail in Ref. (321, summarize the ex- 
pected achievements in flavour tagging. According to these tables, the residual 
uncertainty associated with flavour ta 

3 
ing will not prevent some LEP experi- 

ments from reaching the accuracy on A, that IS needed to get interesting physical 
information from this quantity. 

7.8 Conclusion on Polarization 

All studies made up to now lead to the conclusion that polarization on the Z, 
together with mz and mw, can be exploited to provide the most accurate test of 
the Standard Model through ALR and AZ’ measurements. 

Such accurate measurements will allow us to obtain a hint of the value of the 
Higgs mass (mostly from ALR once mz is given) and also of the t-quark mass 
(mostly from mw), if they are still unknown at that time. 

New physics inside and outside the algebraic frame of the SM will be sought; 
the possibility of identifying its nature among all models, using the combination 
of various accurate measurements, is now firmly established. The physics outcome 
will not be obscured by complications in the theoretical description. 

On the experimental side, the normalization problem should be overcome, 
and the best way of achieving this is by extending the SAT coverage to reach 
the angular acceptance already met by L3. The four-bunch scheme, which is 
unique to LEP, provides the absolute value of the polarimetry: the monitoring 
of the polarization will be done, with the required accuracy, by the transverse 

Fig. 73 The fragmentation of various quarks in different models available. The 
quantity plotted is the relative contribution of a given parent quark to a given 
inclusive particle a5 a function of fractional momentum. 



polarimetry, probably cross-checked by another method involving quite different 
systematic errors. 

Obtaining a useful level of longitudinal polarization at LEP is still considered 
difficult. However, several new facts concerning, for instance, optimized wigglers 
and the properties of straight-section rotators, as well as the way to correct ma- 
chirie imperfections, make the overall picture quite realistic and promising. 

8 GENERAL CONCLUSION 
The three options reviewed for the future of LEP have large and specific physics 

potentials. 
Technically, the rise in energy and the multibunch option are strongly coupled 

and rely on the installation of RF SC cavities, in a sufficient number and with a 
high level of performance. 

Polarization is not guaranteed from the machine point of view, since LEP 
characteristics are far from being optimal for that issue. What is important now 
is to keep the possibility open, by building the dedicated wigglers and pursuing 
work along the various sectors involved. One should also keep in mind that LEP 
offers two unique features: a high luminosity and the possibility of the four-bunch 
scheme, which solves the problem of the absolute measurement of polarization. 

A very high luminosity at the Z is a priori quite promising. The on-going 
workshop on this subject should allow us to understand more deeply the experi- 
mental implications as well as the exact possibilities in the various physics sectors, 
for instance rare decays and B physics. 

Various searches and measurements call for a higher energy. Multibunching 
can also increase the luminosity in this low cross-section domain, by a factor which 
depends on the installed RF power and decreases with A. The strategy of energy 
rise should incorporate such a possibility. 
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Table 1 Table 2 

z MASS (GEv) HADRONIC PEAK CROSS SECTION (nb) 

I -- 91 18610 013 
ALCPH 

91 188ztO.013 
DELPHI 

+ 91 161zkOO13 
LJ 

+ 91.17410.0l1 
OPAL 

-0 91 17710.006 
AVERAGE 

jy’/dof = 0 93 

-- 91 177Iko.031 
AYG w COM SIST ERR 

/,,,I/, ,(,,,,,,/ / 

91.2 91.3 

r, (GE’4 

2.506fO 026 
NEW 

2 476~tO.026 
DCLW! 

2.505ztO.020 
OPAL 

u 2.4961-0.012 
AVERAGE 

$,‘dof = 0.32 

-89- 

41.78f0.55 
ALEPH 

42 38ztO.96 
DELPHI 

41 38f0.65 
L-3 

41.881tO.62 
OPAL 

u 41 7aho.33 
AVERAGE 

$/do{ = 0.27 

41.78fO 52 
AVG w COM SYST ERR 

* 41 30*0.10 
STANDARD MODEL 

I I I I i 
40 42 44 46 

r, (MeV) - universality 

0 83.9f0.5 
AvmACE 
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Table 3 

a) Efficiencies and backgrounds of b, c, s, and u quark tagging, predicted value 
of AFB.- for sin’0, = 0.23, and statistical error, total error of AFB,SM including 
the systematic error, accuracy of sin’8,. In the Born approximation AFB = 0.080 
for II, c and AFB = 0.112 for d, s, b quarks. An integrated luminosity of 200 pb-’ 
is assumed. 

~~ 
Total error of AFB,SM 0.0055 .0.007 

b) Results obtained so far on ALL 

,., 

c) P, measurement from ALEPH 

Channel Polarization 

evi -0.24 f 0.16 f 0.07 
P”” -0.14 f 0.15 f u.05 
A” -0.14 f 0.09 f 0.06 
P -0.17 f 0.06 f 0.05 
01 -0.02 f 0.22 f 0.0s 

Combined result P, = -0.157 f 0.055 

-9o- 

Table 4 

The merit of various measurements 
with and without polaruation 

UN scattering 
ve scattering (CHARM II) 
mz (LEP 1) 

AQ- 

A& 

Gl 

P’ I ! 

200pb-‘at2 

@I 

mw (pp collider) 
m W  (500 pb- ’ at LEP 2) 
ALR (SLC) (10’ 2) 

ALU ILEP 1) 40 pb- ’ with 

A’+’ - ’ PL = 0.5 
m.po, (LEP 1) 

rn~ = lO’*‘GeV/c* f 0.009 *O.OOll 
m, = 110 i 20GeVlc’ * 0.005 * 0.0006 

Correspondmg 
precision in 

ALU sir? 8. 

0.046 0.006 
0.040 0.005 
0.002 0.0003 

0.014 0.0017 

0.010 0.0012 

0.013 0.0016 

0.007 0.0009 
0.011 0.0014 
0.017 0.0021 
0.005 0.0006 
0.025 0.003 

0.003 0.0003 

0.005 0.0006 

Table 5 

The partial width r(Z - qQP+P- I in MeV. For the light 
quark masses one chooses m. = rnd = m, = 
0.3 GeVlc’. which represents the typical hadronic 
mass scale, whtlst for the heavy quarks, we take m, = 
1.5andmb = 4.5GeVlc’. (FromfIef. 1411.) 

uii d;l IsS) CE b6 

e’e- 0.71 0.23 0.57 0.14 

P+P- 0.14 0.042 0.10 0.024 

7*r- 0.051 0.013 0.020 0.003 
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Table 6 Table 9 

Scaling laws for compositeness tests a) Accuracy on sin20, from quark asymmetries AZ (25 x IO6 Z) 

Type of quark b c c s ” 

(xof D’) 7 

Efficiency of tagging 0.11 0.04 0.15 a’ 0.05 0.02 

Stat. error on ft,h 0.0014 0.0026 0.0030 0.002 0.0036 

Cyst. error on A,h 0.0028 0.0034 > 0.0021 0.004 0.004 

A sin’ B, b, 0.00065 0.0011 > 0.00080 0.0008 0.0011 

a) Signal/background = l/5. 
b) Wtthout mixing. 

Contact terms: 
Magnitude c = s/al\2 
Scale A 01 Ym & 

Search for e’ from anomalous behaviour of ee - yy: 
(Mass e’)’ 01 (I s3’2Jj L dt a’ 

al The usual parameter X in the Lagrangian is taken to 
be equal to 1. 

Table 7 

Accuracy on sinz6’w from A,‘h’ (for 1000 pb-r) b) Estimated error contribution to b and c charge asymmetry 

Error 

Statistical 

Systematic: 

Am2 = f20 MeV/cs 

Detection efficiency 

QED radiative correction 

Total 

0.16 

0.1 

0.12 

0.25 1 0.0012 

Table 8 

Accuracy on sin2&, from P, (7 + xv channel only) 
(for 1000 pb-r ) 

Error 

Statistical 

Systematic: 

pu channel 

+ radiative corrections 

+ . . . 

Total 

AP (%) 

0.4 

0.65 

0.8 

A sin’ 0,, 

0.0005 

0.0008 

-9!- 

Source of error bb 1 CC 

Flavour tagging 

Beam setting 

Detector (Delphi) 

QED 
QCD ’ 

Total ayst. 

0.0020 

0.0004 

0.0002 

0.0002 

r ““’ - J.ti’.‘iG 

0.0026 

0.0030 

0.0006 

0.0005 

0.0002 

0.0013 

0.0034 

Stat. error 0.0035 ,I 0.0070 1 
c) Errors on the b6 asymmetry A2 with mixing for two luminosities 

1 
L W-‘1 200 2000 

Genuine systematic error 0.0028 0.0028.) -Fi 

a) Should be smaller in principle, since harder cut. are 
possible with high L 

LZII 0.0031 



Table 10 

Typical conditions for obtaining Asin 0 = i 0.0003 . 
(experimental error) from Ata measurement. 

L,,, are luminosities registered with different spin configurations. 

Table 12 

The percentage of well-clawfled events IS 80.3 * 0.9%. Example 
of a classlflcatlon of 2000 z - qQ events between four classes: 
L Iq = u. d, sl; C Iq = c): B lq = b); T (q = 1). Events are clawfled 
accordrng to a ‘class Irkelrhood’ derrved from 15 variables, seven of 
whrch use the measurement of impact parameters given in the barrel 
regron by the mrcrovertex detector. (Ref. 1641.1 

Integrated luminosity: j L dt = 50 pb- ’ 

Rate of Bhabha events: 4 x rate of i! events 

Relative error on luminosity: AfL,/L, &r, = 1.5%0 

Table 11 

Some characteristrcs of 2 - b6 (Ref. 1631) 

Cross-sectron: cr,,h = 6.5 nb. 

Percentage, relative to the hadronic 2 modes: 
llb&Jhad = 0.22. 

Percentage, relative to the visible Z modes: 
Oak lo,,, = 0.19. 

Populatron of various species, from 100 millron Z: 
15.5 x 10680 15.5 x 1068’ 

4.5 x 1060: 1.7 x 10s’~‘~ 
0.35 x 1Os’Z’, 

Mean number of charged particles per B: - 5. 

Mean number of charged particles at the primary vertex: - 10. 

Mean flrght path of 8: - 2.2 mm. 

Class generated 

Classrfied Punty L c B T 

L 90.8% 1012 87 14 2 

C 47.0% 173 187 38 0 

B 87.4% 9 41 348 0 

T 66.3% 14 4 12 59 / 
Loss 1 16.2%i41.4%:15.5%t3.3%1 

I I I I 1 I I 

Tagging of beauty on one arm 
t IS the effrcrency. A the percentage of the 

asymmetry effectrvely observable; G (= A&) IS the 
figure of merit Fief. 16311 

Process 
- 
Semrleptonrc decays 

Exclusive D stgnals 

Charge of the 8 

Beam polanzatron 
I@ = 45%) 
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Table 13 

Vertex detector: present and future 

Microvertex 1 (present one of DELPHI) 

RI (cm) 9 
R2 (cm) 11 
(I (pm) f 1 coordinate) 5 
St thickness frml 400 
Al thickness of vacuum chamber (mm) 1 
e “8” I01 42 

p fGeV/c) 3 4.7 14 
Transverse accuracy (pm) 

without microvertex 136 90 41 
wrth microvertex 54 41 27 

0 along flight path (rrn) 

(secondary vertex) 250 

Microvertex 2 (ideal) 

R, (cm) 5 
Rz (cm1 8 
R, km1 11 
(I (pm) (2 coordinates) 5 
Si thickness (pm) 200 
8e thickness of vacuum chamber (mm) 1 
e In,” toI 20 

p fGeV/c) 3 4.7 14 
Transverse (pm) accuracy 27 19 11.6 
(r along flight path (pm) 

(secondary vertex) 150 

Table 14 

The expected number of B mesons per 10’ Z’s is calculated with the theoreti- 
cal values of the B branching fractions. No acceptance or efficiency factors are 
included. For D-meson and light-meson branching fractions, the Particle Data 
Group values are assumed, except for BR(D. -+ &r) where 4% is used. [Branch- 
ing fractions in %.] 

Decav channel 

F 4 1c+s- 

Bl: --t D+a- Y 
D- .+ Ii+*-n- 

Bf-+DX -C+ 

13: -+ D;a+ 
D.’ + Qn- 
q+ --) 1<+1<- 

- 
B; -+ J/ti + l<‘O 

Jill, + e+c- 
x.0 + 1<+7r- 

13; + J/tl, + I<+ 
J/d --* e+e- 

B: + J/ti + 4 
J/@ + e+e- 
$8 + 1<+1<- 

ARGUS I CLCO 

0.35 f 0.18 f 0.13 0.16 f f 0.12 0.10 

0.31 * 0.13 f 0 10 o,,6+o JI+o.Is 
--0.*1--0.11 

0 19 f 0 10 f 006 05,t0.11+0 II 
-0 IS-0 0, 

0.33 f 0.18 0 06 f 0.03 

0.07f0.04 ( o.osf0.02 

T 
TllEOJtY No B/10’ Z TllEOJtY No B/10’ Z 

0.15 100 0.15 100 

-,I ” 56 650 

0 37 170 “5 3” 

-i--4 
0.39 430 

0.09 150 

I 
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Table 15 

Comparison of e-factory technwes (from Ref. I7011 

. Case 

F.XlOl Asymmetnc Symmetric \is= 2 2 
T14SI T(4sl+ 16GeV P=O P = 0.9 

(P = 0 45) 

bb cross-secno” (nbh 1.2 0.3 0.11 6.3 6.3 

Fraction of 0“ 0.43 

$Us raconstructwn efflcmcy 0.61 

Tagging efftctency 

land method1 

Wrong tsg fractmn 

0.48 0.48 0.30 0.18 0.61 

If. Kl It. Kl 11. Dl 11. D) IA FBI 

0.08 0.08 0.08 0.08 0.125 
(0.271 

Asymmetry dllutlon 0.71 0.63 0.52 0.52 0 71 

j L dt needed for 30 effect 
,,040cm- 2P 0.3-12 1 2.2-78 1 14-490 1 0.5-19 / ,z:;:;.;, 

Relative J L dt needed 1 .o 6.4 40 1.5 0.3 
(0.81 

e) The peak lunwtos~ty needed I” ~mts of 1033cm - 2 s- ’ for 107 seconds of fully efflclent r”““#“g 
at peak luminosrtv. 

ACC gradoent WV/ml 
Total accelerating voltage 
Beam energy (3 mA currentI 

SC cawtles alone 
SC and C” ca”lt#e* 

5 
66 

36 3 51.3 55.6 64 
66 75 64.3 66.6 73.4 

Table 16 

7 
760 

76 
62 2 

7 
1520 

I 62.6 
67.6 

5 7 
1635 2260 

Table 17 

Scaling laws in the case 
where the beam-beam tune shift EY is 

made constant 

Table 18 

The sample of W paws at LEP 2 

j L dt = 500 pb-’ 

&= 190 GeV L-----l mw = 80.3 GeV 

sin’ 0 = 0.229 

produced - W - h - selection 
(I = e, ~1 e. p 

716OWW 2000 1600 
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Table 19 

Svstematic uncertalnties in relative luminosity measurement in L3 

Parameter 
at IP 

Typical 
value 

1OOFm 
300 pm 

lOOAm 
12pm 

lmm 
33 mm 

0 
175 pred 

0 
175rrad 

Known 
to 

15rm 
1Orm 

5rm 
1 pm 

0.7 mm 
0.5mm 

2 arad 
5 qad 

10 Arad 
5 road 

Total (errors added linearlvl 0.4 

Absolute change 
in %a for 

typical value 

0.1 
1.5 

0.1 
0.06 

0.1 
1.5 

0 
0.05 

0 
0.05 

Systematic 
uncertainty 

P%d 

0.10 
0.05 

0.03 
0.01 

0.11 
0.08 

0.01 
0.01 

0.04 
0.01 

Table 20 

Integrated luminosities needed under various assumptions. (Estimated 
number of 10’ 2 events needed to measure Au with MLR = 3%) 
A(AiLj1.y.t is the systematic error on the relative luminosity measu- 
rement of bunch i to bunch j; -r is the ratio of Bhabha events to 2 events; 

1 O6 2 events are obtained with - 40 pb- ‘. 

P AfLiR,)r,., 1 -f= y=4 y= 15 
(%) W  

0.5 1.5 0.9 0.8 
1.0 1.6 1 .o 0.8 

50 1.5 1.9 1.2 1 .o 
2.0 2.7 1.7 1.5 

0.5 6.2 3.9 3.3 
30 1.0 9.3 5.8 4.9 

1.5 48.0 30.0 25.5 
I 
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physical states, 

The Lagrangian can be wl~ittcll with these as, 

hwvlsivwv = i(I&lV”V” - W,tV”W~) + iw.$y, (7) 

where, 

V’ = A0 or Z” 

I I”‘ = Iv’ 

II’,,, = 6,,1V” - &~Vp, 

and gwwv is an ovcwll Imrtllalizatioll. Thcsr vertices all preserve C, P, and CP. 

Notice first that tlw piece of f$” that is bilinear in the gauge field is antisylw 

metric in the generator illdices (2.e. CJCI), and guarantws that j # k f 1. The 

vertices, 
202020 

z”zo y 

z” Y 7 

are all absent. 

It is also instructive to consider a particular example. Take V to be a photon, 

so that V,, = F,,” as given in Eq.(5). Then, for example, the last term in the above 

Lagrangian contains a piece, 

We can identify tllis as a lnagllctic dipole interaction with magnetic moment pk E 

.?J’W?WJ. The Standard Motlcl Lagrangian, in fact, contains only the lowest-order 

even-parity multipole interactions, 

. I~lcctrowwlc IIK~IK~~OI~~ , 

. “Magnetic” dipole , 

. “Ekctric” quadrupolc. 

I 

The multipole nlonwllts of tlw cllargcd boson states can be defined with respect to 

both neutral states i.c. 1~~ alltl ,tzo can wparately be dcfincd and measured. We 

also note that, to tllis poillt, we have not considered interactions generated by the 

Iliggs sector of the tlwory. \\‘c take this up in a later section of these lectures. 

w+ w- 

x 

Y 

e- 

w+ w- 

x 

Z 

e- 

w+ w- 

l-b V 

e- 

150 200 250 300 350 400 
E I 

2.90 cm ‘X+X1” 

Figure 1. Form of the dilrt:r~wti;rl cross section (at cos0 = 0) for e+e- --t W+W- 
as predicted by the Stalltlard hlodcl. 
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W-Pair Production in e+e- Annihilation 

The production of pairs of gauge hosons near threshold has been well described 

in the literature’31 ’ in preparation for physics studies at LEI’ 11 in the mid-1930’s. 

Our discussion hrrc wrill fociis on tlic importance of obt.aining dctailcd knowlcdgr, 

of the behaviour of this ~~OCWS at. ccnt.cr-of-mn.ss cnrrgirs well above threshold. 

The Feyntnan diagrams of i~tt.(~rcst arc shown in l:ig. 1, The s-channc4 diagrams 

contribute only to the .I = I partial wave, wliilr all partial waves (rxccpt J = 0) arc 

populated by the t-chaniicl ncutrino exchange. The IIiggs propaga.t.or will produce 

an s-wave amplitude that. is significant at very high energies, but the coupling to 

t,he electron is too weak to be of importance at foreseeable machines. 

The A = 2 channrl prorlurrtl l)y nrut.rino cxchangc consists entirely of trans- 

versely polarizrd hosons. is well-lx+nvrtl, and uninteresting. The A = 1 channrl can 

produce WLWT and ll’~,lV~, combinations, and is more exciting. The amplitudes 

for the three diagrams can br written VI 

M;, = 

where A E X,- - XC+ is t.hr cliangc in hclicity of the fermion current, and A,, 

and R,i are funct,ions of the ccntcr-of-mass energy, s. The hclicity structure is 

particularly simple at s >> n,i: 

(PI, PI) fly II A” = A” B 

(1,1) 1 Y -2 

(O,I) ‘y Y 
-2 

Cl,01 2-i Y 
-4 

(O>O) 2-y? Y 
-4 

It is important that. /l7,~‘,antlA” bccomc equal at high energies, ince those 

,’ parts of the cross section that correspond to the production of longitud nal bosons 

are not individually well-l)c~l~n\~ctl. Unitarit.y is restored only through a delicate 

balance of the indivirliial ainl~iit udr~s tliat. can bc scan by setting the three co&cicnts 

equal in Eq.(S). ‘I’llis is graphically dcpictctl in Fig. I. A cross section calculated 

from any subset of t.11~ tliagrarns tlivrrgcs rapidly -- as s/m2,. 

I I I 

I 81 

Figure 2. Growth of aiiotinilics in the cross section for e+e- ---t W+W- as the 
center-of-mass cnrrgy is incrcascd bcgond threshold. The curve is given by p2 
s/mjYv. 

where -r = prv/mrv 
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TIE source or thc~sc: tlivcr#(qlcc*s is readily uncovel:cd. (Jonsidcr the form of the 

amplitude for producing a I)air of longitudinally polarized states, 

where c:(k) are polarization vectors. The resulting cross section, 

(9) 

clearly exhibits the y” I>(~ll;lviollr indicated in the above table. Any anomaly in 

the couplings bctwecn gauge I~WIIS will lead to rffccts in the longitudinal-pair cross 

section that can bc expectctl to grow rapidly as the center-of-mass energy is increased 

above threshold. There is an additional enhancement due to the growth of phase 

space available for the production of longitudinally polarized states. Fig. 2 shows 

that the combined effect is quite tlralllatic ~ an increase in beam energy of a factor 

of two over LEP II cnrrgics Ir;rtls to an order of magnitude increase in sensitivity to 

deviations from the Stalltlartl Rlotl~~l. 

Production of IV* pairs above tllrrshold occurs with a cross section that is larger 

than any other single process. At s N 500 GeV this cross section, shown in Fig. 3, 

is twice the total QCD cross section, and grows asymptotically (in units of R) by 

another factor of two. Near ll~rcsl~oltl essentially all pairs are transversely polarized, 

and the cross section grows like fi. 

The helicity structure of t.llc production and decay of W-pairs is extremely rich. 

Examples are shown i11 I:$. ,I. ‘I’hr dominant forward pcaak is generated by the 

t-channel neutrino cxchal~gc, while in the backward direction, the s-channel pro- 

duction of longitudinal states beco~nes appreciable. This changing polarization of 

the boson state can be observed by analysis of its leptonic decay. The decay angle, 

denoted by x and dcfinc:tl as the a~& bctwecn the charged lcpton and the initial 

boson flight direction boostctl to the IV rest frame, is shown Fig. 4 for thrcy different 

6 20 

6 

10 

0 

1 9, 

0 500 1000 1500 2000 
E cm (GeV) 6797A2 

Figure 3. Cross sections (in units of R) for W-pair and QCD final states. The step 
in the QCD rate indicated for 11 production is approximately one unit. 

boson production angles. Notice that the three-momentum of the neutrino that is 

undetected can be colllplctrly reconstructed from constraints of energy-momentum 

conservation and the knowu II’ mass. This will be true even for events with signif- 

icant initial-state radiatiou or bcamstrahlung, since the system is overconstrained 

and even the missing ratliat,ion can be reconstructed. 

Signatures of New Physics in IV+W- Final States 

Experimental studies of the reaction e+e--+ W+W- carried out at center-of- 

mass energies - 400-500 GcV will be optimally situated to look for substructure 

in the boson states or new physics in their interactions. The most general CP- 

conserving Lagrangian for this process can be written 151 , 

(10) 
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$ 
-g 0.25 
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4-88 cos x 6002A3 

Figure 4. Aug111a1, tlisl rihllt io[ls for 1.11~ production and decay of IY-pairs in e+e- 
annihilat.ion. The decay distril~r~tions are givrn for threr different product,ion angles. 
The production angle is tlcfinrd as t.hr polar angle of the I&‘- measured with respect 
to the e- beam direction. 

where A’;Bll = /l(15R) - (a/l)I?. Thcs Stnutlartl Model rc*slllt (Q.(7)) is recovered 

with. 

gy = K” = 1 

xv = gy = 0. 

We note that the gy term violates both C and P, and will ignore it. It is most 

common to parameterizc the scnsitivitics of various experimental opportunities in 

terms of n” and XI/. 

An example is again useful. For V = y we saw earlier that g: and n7 account for 

the electric charge, magnetic dipole, and electric quadrupole moments of the W ’. 

Consider a piccc of 1l1r X, (.erm: 

The second line follows after one integration by parts. The X = 0 terms are of the 

form, 

(Il’olvif)6,E~ 

which is just an electric quadrupole interaction. The general parity-conserving elec- 

troweak magnetic dipole and clcctric quadrupole moments of the W  are given by, 

with conventional (g - ‘L)lv = (K - I ) + X. D rviation of IC from unity or X from zero 

would indicate new pllysics hryontl t.ltc Standard Model. 

Limits on the valurs of h’ and X have been set Is1 from analyses if existing data. 

The ratio of neutral-current and charged-current neutrino interaction cross-sections 

depend upon boson loop corrcct.ions to the t-channel weak propagators. These cor- 

rections are sensitive to th(% stl,ctngth of the three-boson vertex, but tdcir evaluation 

requires the introduction of a clrt.-off for the loop integrals. The correlated limits 

on KZ and K~ arc givrn in Fig. 5 for a cut-off parameter of 1 TcV. A correspond- 

ing set of limits for Xz and X, Ilave been set by analysis of the clectroweak scale 
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-0.5 0 0.5 
191 KY -1 6797A3 

Figure 5. Limits ou K para~r~ctc~s tlcduced from existing data. SW text for descrip- 
tion. 

Figure 6. Limits ou X parameters dctluccd from existing data. See text for descrip- 
tion. 

parameters, CF, 0, .sin’Urt,, arrcl 1.11e nnrss of the Z”. The s-channel I weak propa- 

gators also depelrd upor~ loof> cor.rcc~.ious tllat require knowledge of the 
I 

three-boson 

vertex. The limits shown in Fig. 6 are evaluated with a cut-elf of 1 TeV in the loop 

integrals. Additional coustrairrts on K and X can be inferred from the requirement 

that electroweak cross sections remain unitary at high energies. These are typically 

of order unity. Taken together, these limits are: 

Figure 7. Loop corrcctious to boson propagators that generate anomalous mo- 
ments. 

There are loop corrections to the CV and 2 propagators that are expected in 

the Standard Model. Tl~csc loops, shown in Fig. 7, generate apparent anomalous 

moments. The comp1ct.e Staudard klodcl correction depends (at the factor of two 

level) on the mass of the top quark and the Iliggs sector I71 , but at q” z 0, and 

ml > mw and mH >> I~IV, 

(g - ‘L)\V z=z 1.6 ; N 0.01. 

This is clearly well below 1 IIC scrrsitivity of present cxpcrimental data. 

Experiments in the Irear future at Fermilab and LEP will provide additional 
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10-5 

1-9, 

I I I 

100 200 300 400 

M (GeV) 6i97A6 
Figure 8. Differential cross srction for production of Wy events at the TEVA- 
TRON. The solid curves give t.he Standard Model expectation, the dots correspond 
to X, = 0.5, and the dashed CIII‘VCS arc for K7 - 1 = 1.0. 

tests of boson couplings. The processes, 

will be studied at tlir TEVATRON collider. (See Iccturcs by S. Errede at this 

school.) The W*y final state can hc detected when the W  decays leptonically. The 

cross sectionIsI, slrown in Fig. 8, dcpcnds upon n7 and X,. It is estimated that after 

the CDF experiment accumulates a dat,a sample of 100 pb-‘, the cr s section can 

be measured well enough to bc sensitive to, 

I&l 2 0.4 

1.6, -II 2 1.0. 

-1.0 -0.5 0 0.5 1.0 
1-91 case 6797A7 

Figure 9. The expcctcd accuracy of measurcmcnts to be madc at LEPII with a 
data exposure of 500 pb-’ compared to signals generated by anomalous moments of 
the W. The solid curve corresponds to KZ - 1 = 0.5; the dashed curve to s,” = 0.5, 
and the dot-dashed curve to Xz = 0.5. 

Although limited because of its restricted energy range, LEP II will provide the 

greatest sensitivit,y to the structure of gauge boson interactions that will be available 

in the mid-1990’s. Approximately 4000 W-pair events will be produced, with at least 

one of the bosons tagged by its decay to an electron or muon, if experiments are able 

to acquire integrated Iumiiiosit.ics of 500 pb-‘. The statistical ac t uracy with which 

the differential cross section can IX measured is comparedI’ to several theoretical 

curves in Fig. 9. If K? or X, differ from their Standard Model values by more than 

- 0.2, then it should become apparent in these experiments. 
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Future e+e- Colliders 

Efforts are in progress at laborat.orics around the world to understand and de- 

velop the accclcrator physics and technology necessary for the construction and 

operation of lutnrc cl(.ctroll-I)ositron colliders. These machines will almost certainly 

be linear colliders. (SC<* I~K~IIUY by 11. Ruth at this school.) One feature of a linear 

machine is that its ccnt~~r-of-~~~;~ss energy can be increased over that of its original 

operating point by ~nal;it~g inlprovcments in the power sources so to generate higher 

accelerating fields, or by increasing tile Icngth of the accelerator, or both. Studies 

have shown that it is rcasonablc to expect a machine built with a given technology 

(e.g. r/frequency and alignment precision) to be expandable by about a factor of 

three in energy. It is difficult to optimize the luminosity of a particular machine over 

a much larger range of clergy. Design efforts have concentrated on machines with 

center-of-mass energics tliilt start, at - 0.5 TeV, and expand into the TeV region 

with luminosities of 10,lJ - 1O”“cnl-‘s-l. For lack of a better nanle, we call this the 

NLC - the Next Linear Collider. 

1.0 

0.8 

g 0.6 
. 

g 0.4 

0.2 

0 
1 o-5 1 o-4 1 o-3 1 o-2 10-l 100 

191 6 F797A36 

Figure 10. Bcamstrahlung ill a multi-bunch linear collider at 500 GeV ccntcr-of- 

mass energy. The parnnlctcr 6 = 1 - s~~,,,~~~~,/~E~. 

Coherent phc~~on~c:~~;r tllat occur during the bcambcam interaction I WIII become 

important at future higIl-cn(lrgy higIl-intensity colliders. One such 1 recess that 

is important to ultiderstantl is “l,calllstralllurrg” ~~ the radiation emitded by beam 

particles as they pass tlrrougll the coherent electromagnetic field of the opposing 

bunchigl. Energy loss tlnc to bca~nstrahlung is relatively small in multi-bunch ma- 

chines operating at cllcrgiczi I<,,,, - 500 GeV (see Fig. lo), so energy-momentum con- 

straints remain powerful tools for the analysis of data, just as they are at present-day 

facilities. Machines can be dcsigncd with stronger beam-beam interactions. These 

generally achicvc higllcr total luminosity, but much of the gain is from collisions 

at lower center-of-lnass enorgk. Since the annihilation cross section is larger at 

lower energies, the tlistribntio~~ of annihilation events in center-of-mass energy can 

be nearly flat, as shown ill Fig. II. Kinematic constraints are less useful in this 

situation, although it is still possibk to impose transverse momentum conservation 

in the analysis of a uulnbcr of lillal states to improve mass resolutions and reject 

loot/I I ’ ’ ’ I ’ I Ii 1 
0 200 400 600 800 ‘1000 

J 88 E OBSERVED (GeV) 5958A9 

Figure 11. Spcct~urll of Iladrollic cvcnts produced by e+e- annihilation at a ma- 
chine with nominal cc.lltc,l--of-Ill;lss (‘n(*rgy 1 TeV, but with a large bcamstrahlung 
parameter (T = 1.6). A I>~~~I< due to radiation to the Z” is evident, and a hy- 
pothetical new 2 resonance has been included (mz, = 400 GeV) for illustrative 
purposes. 
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backgrounds. 

The Physics Environment at the NLC 

From 3 GeV to the 2” mass, e+e-collisions have been observed to give events 

with a simple and transpnrcnt structure. Annihilation events, that carry the full 

beam energy, dominate over peripheral reactions. Final states are usually two-jet- 

like and almost always highly planar. This feature makes searches for new, heavy 

particles straightforward, and minimizes biases and backgrounds to precision studies 

of strong and electroweak interactions. Recently, the power of the e+e-environment 

was emphasized in the performance of the Mark II experiment at the SLC”“. With 

an event sample of z 600 Z”s, and using an upgrade of a detector originally built to 

study physics at SPEAR energies, the Mark II group reported limits on new heavy 

quarks and neutral leptons to within 90% of the kinematic limit for pair production, 

and measured the peak 7,’ cross section precisely enough to rule out (at 95% CL) 

the existence of a fourth gcncration of quarks and leptons with a massless neutrino. 

This remarkable cleanliness will also occur at TeV energies. 

The Standard hlodel processes that will be predominant at the NLC (EC,,, = 

500 GeV) are: 

Final State Cross Section (R) Events/( loft-‘) 

QCD (udscb) 9 31,000 

w+w- 20 70,000 

ZOZO 1.2 4,200 

tt(mc = 150 GeV) 1 3,500 

It is common to use lo7 seconds as the total running time for an accelerator in 

a calendar year - a so-callctl “Snowmass Year”. In this time, a machine with 

luminosity 1O33 cm-’ set-I will deliver 10 fb-‘. 

Existing technology is suficicnt to build detectors capable of fully exploiting 

the physics opportunities offered by high-energy e+e-linear colliders. Calorimetery 

becomes an increasingly important tool for accurate reconstruction of the parton 

i 
four-vectors in each c*vc.ut as tllr ccntcr-of-mass energy is increased. Stu 

P 

irs done to 

dater”’ have used sitnulations of detectors with capabilities similar to t lose of SLC 

and LEP detectors: 

lladronic (:alorimct.c~ry 50%/G CB 2% 

Electromagnetic Calorimctery 8%/fi@2% 

Electron/Pion Energy Ratio 1.0 f 0.1 

Calorimeter Scgmrntation 4’ lowers 

Charged Particle Tracking 0,/p = 3 x lo-4p 

Precise reconstruction of tllc vertcs of each event, and the impact parameters of 

each track, is important, iu o&r to fully exp!ore the physics. Vertex detectors with 

impact-parameter resolutions givcu by, 

exist today, and arc sulficic*nt. to do the physics at the NLC 

The solid-angle, covcsrage of NIX detectors will likely be compromised by the 

need to install machine conlponrllts near the interaction region, and by the presence 

of low-angle machine-induced hackgrounds. Studies have assumed that ,the detector 

is hermetic, except at regions within 10’ of the beamline. it is geperally assumed 

that no particles except low-angle Bhabha scatters will be detcctcd at smaller polar 

angles. 

Simple j&finding algorithms quickly and accurately reproduke the underlying 

parton structure of cac11 event wit.h little bias from uncertainties in fragmentation 

processes and little amhigr1it.y from the overlap of decay producds from differing 

parton showers. A typical event is shown in Fig. 12 as it would belobserved in the 

tracking chamber of a detector with a 1 Tcsla solrnoidal field. We show in Fig. 13 the 

masses in opposite thrust hcmisi)hcrcs of standard model e+e-annihilation events 

as they would be rcconstructctl by a detector with the above parameters. Only 
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Figure 12. Annihilation cvcut of tlie type c+e---1 669 as observed at E,,, = 1 TeV. 

simple cuts ou total currgy autl thrust direction were made to select events for this 

figure. The peak at the Il’ mass stands out clearly above the background from 

qrj production, as do the siuglo-prong leptonic decays. Gauge bosons are easily 

identified, and each cveut cau be accurately reconstructed. 

Studies of Gauge Boson Interactions at the NLC 

W-Pair Production. As discussed earlier, we cau expect signilicant gains in seusi- 

tivity to new physics iu careful studies of the reaction, 

e+e- + w+\,v- 

as the center-of-mass energy is iucreascd above production threshold. What can 

be achieved with a full hclicity aiialysis of this process is presently uuder investiga- 

4000 
> 
s 
In 
‘;: 
z  
E 2000 
5 
w 

0 
I:i_+ : J 

d 

u 200 400 

6-88 MASS (GeV) ELUW~ 

Figure 13. Reconstructed iilvariaut masses in the forward and backward thrust 
hemispheres of staudartl 111ode1 piorcsscs. 

I I I I 

tionl’“l, but initial rcs~ilts dcinoiistrate the point clearly. Shown in Fig. 14 are the 

dependencies ou the paraiiictcrs til aud X, of the total W-pair cross section and the 

forward-backward asyninictry, 

N+-N- 
/,F[j = --. 

N+$N- 

The uumbcr A’+ is tlrli~wtl as the number of events with the IV- boson in the 

forward hemisphere (cos0 > 0, with 0 measured with respect, to the incident e- 

direction). A data exposure of 10 lb’ will yield zz lo4 W-pair events tagged with 

one electron or muou leptouic decay, so measurement of the total cross section with 

3% total error, and of tlie forwardbackward asymmetry with error z  0.01 can be 

achieved. Such results would be sensitive to values of q or X, that differ from their 

Standard Model values by more than a few times 0.01 - an order of magnitude 

better than expected at 200 GeV. 
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Figure 14. Depcndcncc~ of II’-pair cross scct.ions on the valurs of K and X dcscribcd 
in the text. The dashed litlcs indicate thr cstimatcd experimental accuracy with 
which the cross section and asymmct.ry can be measured. 

Photon-W Scattering. The s-rhannrl W-pair process proceeds by both photon and 

weak nrutral propagators, and so will IN, Inodificd by non-Standard values of any of 

the paramrtcrs K?, A,, ,:z. or AZ. I( is possible to isolate thr: phoIon couplings 

t-- 
w- - 

$ 
\w- Y Y 

eze eAe 
> 91 6191.1 

Figure 15. Fcynmat~ graphs 1 Ilat contribul.c to the c,I/CIJ final stat,?. 

in a dilfercnt conll)ina(.ion in tile process, 

that rerrivcs contriblltions fro111 tllc graphs shown in Fig. 15. The signal.urc of this 

process is the prrscncc of a single clcctron or muon from the decay of the hoson 

in the final stafc. 1’1~ scattcrc~tl b(.arn clcct.ron (or positron) typically remains at 

very small polar allglcs, and goes undctcctcd. The measured cross section can be 

normalized by tl&,ctioll of tll(* Colnpton process, 

in which case, unccrtaintics in t.llc rquivalcnt photon flux arc eliminated. 

The variation of thr cross s&ion with non-Standard values of n, and A, is 

shown in Fig. 16. A 3% mcasurcmcnt of the rate yields good sensitivity to differing 

values of kl. A summary of thr lilnits (131 from this process and the W-pair forward- 

backward asymrnctry is givrn ill Fig. 17. The estimated UN sensitivity of experiments 

at the SSC is also shown in ihc ligurc. The Standard Modrl predicts values that 

depend on the unknown n~asscs of thr top quark and Iliggs hoson; but are within 

the shaded arca shown on thr plot. 

Further studies of t.hc spill struct.urc of gauge-boson production at elecbron- 

positron colliders arc* ~~*ccssary 1.0 tlctrrmine if it will be possible t b probe to the 

level of the cxpccf.ctl S(a~l~lal(l hlotlcl corrrctions ‘121, but it, is apparrnt that a 500 

CeV e+e- rollidcr provitlrs grc>nIc>r sensitivity to nrw physics than will be attainable 

at much higher rnrrgy Iladron colliders. 
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Figure 1F. Dcpc>ndcnre of the cross scct,ion for the evW final state on values of n 
and X. The dashed lines indiratc the accuracy with which the cross section can be 
measured. 

A Composite Model 

Composite models gcncrally predict large deviations from the Standard Model 

expectations for the interactions of gauge hosons. As an example, WC consider a 

model”“] that successfully rcproduccs the spectra and phcnomcnology of the St.an- 

dard illodel at mass SCRICS b&w a fcrv hllntlrcd CcV. Prcons are confined in a 

manner patterned af(.cr QCD with a confining scale, 

A - c,’ z 300 GeV. 

An underlying unbroken SlJ(2) y s mmctry guarantees the correct elcctroweak boson 

mass relations, and wrak forces appear as “Van dcr Waals” remnants of the preen 

binding potential. This motlcl is structured so that it violates no presently obscrvcd 

quantity, including ligllt quark and Icpton anamolous moments uf4 This is not the 

case for I hc Ilravicr (and thcarc4orr lrss tightly bound) top quark, and W  and Z boson 

Figure 17. Limits on struct.urc in gauge boson interactions attainable in e+e- an- 
nihilation and at the SSC. The values predicted by the Standard Model depend on 
the masses of the top quark and the IIiggs boson, but lie somewhere in the shaded 
area. 

states. Shown in Fig. IS are the predicted values of n and A that are generated in 

this model by preens of various mass. The values are well within the sensitivity of 

the experiments that we have been discussing. 

CP-Violation in Gauge Boson Interactions 

We have so far constructed the WWV Lagrangian from CP-tinserving interac- 

tions. In addition to the four terms in Eq.10, there are three possible CP-violating 

forms that sat.isfy Lorcntz and gauge invariance, 

-II& 
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Figure 18. Values of I; illId X grllc~13lc.d in a composite model by prrons of various 
mass. 

where vPy = fc r”OBl/O~ is the dual of V,,. Notice that, combined with the 

CP-conserving Lagrangian, this saturates all possible structure in the e+e-cross 

section. There are nine possible II ‘+W- hclicity staks, but two with .I = f2 are 

not accessible through the annillilation channel. 

Consider, as we have brfore, the particular case V = y. The dual FJ”’ is 

obtained from F I‘” by intrrcllange of i.hc elcct.ric and magnetic fields. Appa.rcntly, a 

non-zero value of either t?v or ;\I, introduce electric dipole and ma.gnctic quadrupolc 

moments, 

cl:; = $--(i;v + iv) 

SK = --$a, - iv). 

These parity-violating inlcrac(ions are idcntifkd in atomic physics as El and M2 

transitions. 

l-91 6797A14 

Figure 19. Two-loop corrections to the vector gauge boson propagator generated 
by Fliggs particles. 

Model-dcprndent constraints on i and i can be inferred from experimental 

limits on the electric dipolc tnomcnt of the neutron 1111 , 

4, < 1.2 X lo-=c cm 

Generation of an electric dipole moment for the W-boson will occur through two- 

loop corrections to t,hc propagator (Fig. 19). If there is but a single neutral Ifiggs 

particle, then these corrcct,ions will create little effect, but in models with more than 

one Iliggs douhlct, considerably larger moments can occur. A similar correction will 

occur to the gluon propagators that make up part of the neutron wave-function II 81 

It is necessary to assume somr model for the neutron wave function in order to relate 

the experimental limit on if.s dipole moment to the strength of the Higgs correction. 

To provide a framework, S1.1(6) has been used “‘I to estimate that i, will be of 

order 10e4 or less. 

CP Violation in High Energy e+e-Interactions 

The CP-violating Lagrangian (Eq.11) will generate imaginary pieces to the he- 

licity amplitudes in tile \V-pair final state. The resulting interference between the 

various amplitudes will lead to directly observable correlations between the produc- 

tion and decay propcrtics of the Wbosons. Leptonic decays of the produced bosons 
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Figure 23. Charged current loop corrections to the production of neutral gauge 
bosons in e+e- annihilation 

The cross section is written. 

da da -= - 
dS2 ( > do Tree 

(1 + 6QED + cFaC), 

with the weak correction further broken into contributions from the neutral and 

charged currents, cVrcaC = hNC + See. ThcQED d an ncutml current corrections 

that are generated by one loop diagrams are shown in Fig. 22. These are not 

very interesting. They contain only known vertices, are comparably small, and are 

symmetric under interchange of any of the particles or helicities. The charged- 

current corrections, shown in Fig. 23, are more interesting. Diagrams that contain 

coupling between the Z” and W propagators produce the strong energy dependence 

to bee displayed in Fig. 24. The effect of the three-gauge boson coupling is easily 

isolated by measuremcnt,s of the energy dependence of the cross section for this 

0 I______-_---_------_________~ 

NC - 

-0.1 - 

F 

0 200 400 600 800 1000 
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Figure 24. Loop correction to the production of neutral gauge boson pairs by QED, 
weak neutral currents (NC), and weak charged currents (CC). 

process. Perhaps even better, the presence of the M-handed neutrino propagator 

in the most interesting subset of the diagrams in Fig. 23 projects out these pieces 

when the initial electron is polarized. A measurement of the left-right asymmetry, 

,4LR(e+e- -+ -yZ”) 7s -P(e-) 6,Cc, 

will allow a direct probe of the couplings between gauge bosons.’ Notice that a 

proper evaluation of the correction, 6,CC will require knowledge of the strength of 

these couplings at all momenta. 1 These are not small effects, and can easily be 

measured with good accuracy. 

Strongly Interacting Gauge Bosom 

Thcorics of elcctrowcak symmetry breaking can be divided into’those that con- 

tain light self-interacting scalar particlcs, and models which postulate a new level 

of compositeness of one form or another. These latter theories, tcchnicolor is an 

example, inevitably Icad to strong interactions between gauge bosons. The origins 

-113- 





Consider t,he decay of the Higgs to massive longitudinal Wt states shown in 

Fig. 25(a). The matrix element is (c.f. Eq. 9), 

M = rjvnw $(I;) $(k) 

= vw (3 + ld2)/m2, 

= g (g-).(1+2) 

We have taken the mass of the Higgs to be large compared to the mass of the W- 

boson in the last line. Now consider the decay of the Higgs to Goldstone bosons 

shown in Fig. 25(b). WC can read the matrix element directly from our expression 

for the scalar potential, 

This is an example of the “Equivalence Theorem” - to accuracy mb/s, the in- 

teractions of longitudinal gauge boson states are given by the interactions of the 

Goldstone bosons that create them. 

Gauge Boson Scatteriug 

As an example of the phcnomcnology of a strongly-interacting IIiggs sector, 

consider the reaction, 

lV+W+ -+ w+w+. 

The Feynman diagrams that contribute to this reaction are shown in Fig. 26. The 

Ifiggs contribution to the amplitude is not small since the W mass is large. The 

leading dependencies on ccntrr-of-mass energy scale as s’/m& and s/m$, but can- 

cel in the sum of the thrrr diagrams. What is left arc terms proportional to s, that 

are well-bchavctl for large lliggs masses, and others proportional to (mH/mw)2 that 

are not. 

w+ , w+ 
; H” 

w+Aw+ 
(4 

I 
W+ 

W+ 
(b) 

(c) 6797Az 

Figure 26. Fcynman diagrams that contribute to W+W’+ scatteri’ng. 
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Figure 27. S-wave amplitntlc for W+bV+ scattering calculated with the Equiva- 
lence Theorem for values of the Standard Model Higgs mass. 
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As expected, the problcn~s arise in the scaitering of longitudinally polarized 

bosons by lliggs exchange. We can use the Equivalenrc Theorem to write the 

amplitude for lliggs exchange in the limit s and rn;, >> r&, 

mL;, t i,bf = - 
2) 2 + t - In*, 

Individual partial waves in the scattering amplitude will violate unitarity if m f, 

becomes too large. To see where this occurs, expand the amplitude, 

iM = -16~ c (23 + l)a~(s)P~(cos@. 
.I 

The s-wave dominates, and we call calculate (241 , 

I 

q(s) = &  /( -iM) dcos0 
--I 

The resulting partial wave amplitude is shown in Fig. 27 as a function of center- 

of-mass energy for several values of the mass of the Higgs. Partial wave unitarity 

requires, 

la# 5 l~4ao)l, 

or, IRe( 5 f. Apparently, for Higgs masses greater than about 1.2 TeV, 

perturbation theory fails at large center-of-mass energies! The gauge boson sector 

becomes strongly interacting - something else must begin to occur if there is no 

“light” Higgs particle. 

The manifestation of new physics in gauge boson interactions may be dramatic, 

as the appearance of new resonances would be, or may be substantially more subtle. 

Fig. 28 shows the class sections predicted by the Standard Model perturbativc 

1o-2 
1 2 ,3 

1 91 Mww (TeV) 6797A24 

Figure 28. Cross section for lV+CV+ scattering in the Standard Model for a number 
of Higgs masses. The dashed curves are cross sections calculated with the constraint 
that the partial wave amplitude never exceeds the limit imposed by unitarity. 

amplitude for a variety of IIiggs masses. The maximum cross section allowed by 

partial wave unitarity is also shown for very massive Higgs particles. The cross 

section at large center-of-mass energy is small in the presence of light Higgs particles 

since the gauge cancellations are then complete, but in the absepce of these scalars, 

the cross section is ill-defined in the Standard hlodel. Fig. 29 compares a number 

of models and ad hoc calculations of the W+W+ scattering cross section at TeV 

center-of-mass scales. The differences between the various possibilities are typically 

factors of two to four. 

It is, of course, possible to consider the process, 

w+cv- --i w+w-, 

shown in Fig. 30. This is the well-recognized Higgs discovery reaction that will 
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Figure 29. Various models for the W+M’+ cross section. The solid curve is the uni- 
tarized Standard Model with infinite Higgs mass, the dashed curve is the Standard 
Model with ml{ = 1 TeV. The dotted curve is chiral model of Einhorn I251 , and the 

dot-dashed curve is a result obtained PI by resealing low energy R+T+ scattering. 

1 II 6797A30 

Figure 30. Production of IV+IY- in e+c- annihilation . 

proceed through s-channel 7, , Z’, and Iliggs propagators. There are still the t 
and u-channel graphs and four-boson contact t,crms that will behave as in the like- 

sign W-boson case. If a light IIiggs exist, then it will appear as a resonance in this 

channel, and gauge invariance will guarantee that the cross section is Jell-behaved. 

But in its absence, this process is plagued by all of the difficulties dhat we have 

discussed in this section. 

Experimental Studies of W W  Scattering 

To cxhnust the possible avenues to new physics, and fully explore any that is 

found, it is essential to study gauge boson scattering in scvcral channels, 

I=J=O (C = +) 

I=J=l (C zz -). 

The C-odd p-wave is strongly excited in e+e- annihilation , and new physics will 

appear as a violation of the Standard Model prediction for the production of longi- 

tudinal l+‘~ pairs. A particular example is shown in Fig. 31. Final state rescattering 

of the boson pair occurs through the exchange of a techni-rho meson. 

wL 

wL * 

1 91 6797A13 

Figure 31. Final state intera.ction of IV-pairs produced in e+e- pnnihila.tion 

In technicolor theoriesLzfil, matter fields are techniquarks and technileptons, 

which are bound by strong int,eractions generated by an underly ng non-Abelian \ 

technicolor gauge group. Tcchniscalars (the “pions” of technicolor) play the roles of 

the Higgs and the longitudinal boson states. There arc additionally, vector states, 

for example the techni-rho PTC. The mass of the techni-rho is unspecified by the 
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Figure 32. Production of a tcchnirho resonance in the longitudinal IV-pair channel 
of e+e- annihilation 

theory, but a guess is often made by analogy with lower energy hadron spectroscopy, 

where the pion decay constant fX x 90 MeV. This yields a value of rnpTC - 1.8 

TeV. The width of the techni-rho can similarly be scaled from that of the ordinary 

rho-meson to find a value of order 0.3 TeV. The resulting cross section, shown in 

Fig. 32, is dramatically different from the Standard Model prediction even at fairly 

low center-of-mass energies. Efforts are underway VI to parameterize in more detail 

the phenomology of the N’-pair final state produced by e+e- annihilation in a range 

of models such as those shown in Fig.29. 

WW Fusion 

While there is no way to experimentally produce beams of W-bosons, it is 

possible to realize W W  scattering in the C-even channel through the peripheral 

process shown in Fig. 33. The reaction rate is characterized by a splitting function, 

which gives the effective boson flux for beams of Icptons or quarks. ‘II e Weizsacker- 

Williams photon flux often associated with a beam of high-energy electrons is a 

particular example of this. In fact, calculations have been made I4 uiing an analo- 

gous “Equivalent W  Apl)r(~xirnatioll”. At s >> mt,, and to - 20% accuracy, 

aw [l + (1 - z)21 ,n &2 
lw, = - Sn z ( > mb 

aw (1 --xl fw, = - -. 
4* 5 

The equivalent flux of massive bosons has essentially the same form as the equivalent 

photon flux, and as shown in Fig. 34(a), tl le fl ux of longitudinal bosons is about 

two orders of nlagnitude smaller. The effective boson-bosou luminosity is shown in 

Fig. 34(b) for a very high energy electron-positron collider, and in Fig. 35 for the 

SSC. It is clear that studies of longitudinal boson scattering must be done against 

a considerably larger background of H’TI/VT and 1’1/TI4’~ events. 

1~91 6797A25 

Figure 33. Peripheral scattcriug of gauge bosons iu e+e-collisions. 

fVh = lv,r,q(Q2, ~1, 

-118- 



lo’ !---G-l lo-* 
loo 

10-l 

10-2 

“s x 
2 

;I:kJ lo-8 
0 0.5 1.0 

X fi PV) 1.9l 

0 1 2 

Figure 34. (a) The effective flux of gauge bosons crratcd by a high energy rlrct,ron 
beam. (b) The brightness of IVCV collisions at a 2 TeV r+e-collider. 
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Figure 35. The luminosit,y of W’TIVT and W~ll’t, collisions at. the SSC. 

As a specific case, wc cons&r the production of W+W- pairs at the SSC. 

These oppositely-chargctl pairs will be produced both by boson-fusion and by qt, 

100 
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Figure 36. The IVIY d’ff t ercnt,iaI cross sect,ion at the SSC. The curves include pro- 
duction through qrj annihilat.ion as well as the W-fusion process with Higgs of 0.5 
rev, 1.0 TeV, and 1.5 TcV mass. 

annihilation. The cxpccted’291 differential cross section (including the resonant piece 

for several IIiggs masses) is shown in Fig. 36. The W-pair is detected only when 

one of the bosons decays to an electron or a muon. There are large backgrounds to 

this process from associated production of W’s and quark jets by quark and gluon 

interactions, and from the production and decay of heavy top quarks. A Monte 

Carlo study has bcc)n done P 01 at the “four-vector” Icvel. Evrnty were generated 

without inclusion of the impcrfrctions inherent in any detector (the detector was 
I 

also assumed to perfectly hermetic), and events were sclccted with the following 

criteria, 

(i) The topology of fhe cvcnt was correct. 
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(ii) Two jets were found with iuvariant mass within 5 GeV of the knowu W ~amhs. 

((22) ‘I‘lw tolal nu111bcr of charged particles in the pair of jets taken as the Ik 

candidate was less than 20. 

The mtmbcr of signal and background events that survive these cuts (normalized 

to one year of running at the SSC luminosity of 1033cm-2s-1) is tabulated: 

IIf w w 

(GCV) 

91 Iliggs Low O(2N) WJj 

(ml1 = 1TcV) (ml/ = co) 

s50-950 39 57 5 9 1X 

950-1050 33 Gci 6 8 91 

1050-1150 27 54 6 6 58 

1150-1250 20 34 5 5 58 

1250-1350 16 19 5 4 32 

Hoson pairs produced by qq annihilation, and misidentified Wjj events are back- 

grounds to the possible signal from the boson-boson scattering process. The “Low” 

and “O(2N)” models are those shown in Fig. 29 as representative of possible alterna- 

tives to the Standard h4odel. It is clear that it will be extremely dificult to extract 

any signal if the channel is not resonant, and even more difI&lt to discriminate 

between the various models of the underlying theory. 

The boson-fusion process is more easily isolated in electron-positron collisions, 

but the machine luminosity required to reach large W W  center-of-mass energies is 

quite large. The reaction, shown in Fig. 37, results in two neutrinos that carry away 

significant energy in the final state. The observed W W  system is produced with 

momentum transverse to the e+e- beamline, 

which appears as missing pt in the event. 

e- 

l-91 6797A33 

Figure 37. The W-fusion reaction in e+e-collisions 

10-7 L-L-b-I 
0.2 0.3 0.4 0.3 0.5 0.7 

141 mww VW 

Figure 38. Cross sections for W-fusion in e+e-collisions at (a)’ fi = 0.5 TeV with 
a 300 GeV Iliggs, (b) fi = 1.0 TeV with a 500 GeV IIiggs, and (c) fi = 2.0 TeV 
with a 1.0 TeV II&s. The dashed curves are the predictions of the Standard Model 
with rn~ taken to infinity. 

I 

The expcctcd cross sections are shown in Fig. 38 at three machine energies. ‘I’he 

presence of a II&s resonance can be detected, and it decay properties studied [311 
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if its mass is less than Y 75% of the c+c-center-of-ma.ss energy, but I.0 gcncrat,c> a 

sufficient numbers of non-resonant WW scattering events at masses above 1 TcV to 

fully resolve the physics in these reactions, will require machines with e+e-center- 

of-mass energies of 2 TeV or greater, and luminosities nearing 1034cm-2s-‘. For 

example, at 2 TeV the differential cross section, shown in Fig. 38, corresponds to 10 

produced events per 100 GeV bin at rn~~= 1 TeV in a data exposure of 10 fl-‘. 

It is clear that in the absence of striking features in gauge boson interactions, 

such as the prcscnce of Higgs scalars or technicolor particles, it is going to require 

some time and considerable effort at future colliders to dig out the contents of what 

has become called “Physics at the TeV Scale”. 
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ABSTRACT 

These lectures survey why the top quark may be unusuaUy interesting 
if its mass is large. Perhaps the large mass is related to a fundamental role 
of the top quark. Perhaps it will have non-Standard Model decays, or be 
sensitive to some new physics. 
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INTRODUCTION 

Lectures like these always begin (appropriately) by praising the Standard 
Model (SM), and then go on to say how it is hoped that new physics will 
appear. We will not bury the SM but extend it. To complete our knowledge 
of the SM the most basic need is to understand the physics of the Higgs 
sector. We need to know whether Higgs bosons exist, and at what masses. 
We also need to know whether neutrino masses are zero, and their values 
if they are not zero. CP violation can be described by the SM, but we are 
not very sure that is the main mechanism. And finally, we need to know the 
value of Aft, the top quark mass. 

The current experimental limit is Mt > 89 GeVt” , if the t-quark be- 
haves like a SM particle. Once the limit is this high, whatever the value 
of Mc is, it may be very interesting. MC has been predicted long ago to be 
in the 120-150 GeV region by several interesting ideas (fixed point behavior 
or renormalization group equations, driving the Higgs mechanism in a su- 
persymmetric world, etc., as described below). [Indeed, contrary to what a 
number of people have remarked, it was not surprising to most interested 
theorists that Mt > Mw; we will examine some of these arguments below.] 
At even larger Mt it has been speculated that non-perturbative effects cause 
non-zero expectation values for ct and cause spontaneous symmetry break- 
ing. And in another sense, the large phase space available in the decay of a 
heavy t may allow a non-SM mode to appear. Alternatively, it could happen 
that in fact 50 GeV < Mt < 90 GeV, but t has not been observed because it 
decays by some mode(s) to which experiments were so far not sensitive. 

There is no consensus concerning how to think about Mt. In a naive SM 
approach probably all masses ought to be within a factor of two or so of Mw, 
and the question should be why are the other fermion masses so small, and 
so different. From the point of view of composite and dynamical approaches, 
however, it is difficult to give fermions mass at all, so the problem is why 
is Mt so large. The quark masses or mass ratios for each family show no 
instructive pattern. Undoubtedly the quark masses are telling us something 
profound, but unfortunately no one knows what. 

It is amusing, and perhaps important, to note that the top width PI _ Af: 
(for large Mt), so as Mr increases the lifetime gets very short and t-quarks 
decay before mesons form so that they behave as free quarks. One can write 
approximately for the lifetime 

and once r1 5 1 Fermi there is not time for binding to occur. In particular, 

we will see that this may make it possible to test some interesting QCD 
polarization predictions. 

We will cover the following topics below: 

- The top quark exists 

- Upper limit on Mt 

- Constraints on Mt 

- SM top decays, signatures 

- Production oft 

l e+e- Collider 

l Hadron Colliders 

- Detecting SM tops - signatures 

- Model-independent lower limit on Mt 

- Determining the charge of a new heavy quark 

- Top decays as a window to new physics 

s Supersymmetric decays 

l Decay to charged Higgs bosons 

l Decays to heavy quarks 

a Flavor-changing neutral current decays 

a Other possibilities 

- New information once top is observed 

- Studying the top decay couplings 

- Top quark at (NLC) 

- Testing QCD polarization predictions 

- Correlation of top spin direction with final b, O+, directions 

- Measuring Mt from loops 

- Prediction for Mr 

- Is t -+ Wb a background for studying TeV WW interactions? 

- Final comments 

THE TOP QUARK EXISTS 

Nothing can be proved without assumptions, of course. So the theorem 
here is that (1) given the validity of the SIJ(2) structure of the SM, and 
(2) assuming the SU(2) symmetry of the SM is not broken by the explicit 
absence of states, then the top quark exists. The general validity of the 
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SM is not in question; it has been too broadly tested by now. Rather, we 
hope someday to discover extensions of the SM that clarify its foundations, 
much as the SM is an extension of QED. Such extensions will leave intqct 
the SU(2) structure of the SM. 

. Assumption (2) is naively more ad hoc, and is based on the total absence 
so far of any hint of missing SU(2) states. However, I suspect that using a 
fairly sophisticated analysis would aUow the removal of assumption (2), be- 
cause most likely the absence of any SU(2) state in any multiplet would cause 
effects that are inconsistent with some other measurement. This is basically 
the result discussed below that sets an upper on M,, though the analysis has 
not to my knowledge been approached in detail from the direction of asking 
what the consequences of a missing t-quark are. 

With this discussion it is easy to state the basic result: 

EXPERIMENT - l$ = -; - ” 
0 bL 

. 

In other words, data (to be quoted) shows that the left-handed &quark has 
weak isospin eigenvalue TsL - * - -i. Therefore it must be in a multiplet with 
one or more other states, one of them having eL = +f. That is by definition 
the top quark. 

One could imagine that some other set of particles could accompany bL. 
No attempt to construct such a set has succeeded. We will not spend time on 
the failed attempts; literature can be traced from ref. 2. Probably a general 
proof that all other models for particle content will fail is very difficult, so 
perhaps an exhaustive treatment of classes of models is the best that can be 
done. 

The bottom line (top line?) is that given our assumptions the top quark 
must exist. The arguments for its existence could be tightened by further 
analysis. Similar arguments demonstrate that the T neutrino must exist, so 
anyone who believes in the T neutrino must believe in the top quark. In the 
case of Ye, since my, < m, and T decays into v,, data provides even stronger 
constraints and models to evade w, existing are easier to destroy. However, I 
think this is a practical difference; the 10gica.l status oft and I+ is the same. 

There are also some theoretical arguments that independently suggest t 
must exist. 

(a) Without t the minimal SM would have anomalies. However, while t 
is the simplest way to eliminate anomalies itrnay not,be the only way. 
Krther, it is not clear that there would be any measurable experi- 

mental impact of having anomalies, e.g., if the SM were an effective 
theory at the TeV scale. Thus, this argument is not compelling. 

(b) t is needed in loops to generate the observed B” - B” mixing, which 
goes as 1 Vtd I2 Mf in the minimal SM. However, other contributions 
can mimic the top contribution, so this is not unique in general. It is 
a constraint on model building rather than on experiment. If top is 
light or very heavy, some other states must (quantitatively) explain 
the B” - B” mixing. 

Finally, we summarize the status of the measurements of TiL. For this 
discussion we allow general TJ eigenvalues for b,r, and for bR, both to be 
determined by measurement. Because of the interference of the 7 and Z 
contribution in e+e- --t b&, there is a forward-backward symmetry. 

AF-B - (I&, - T&) ($ + Z& + f sin2 SW) 

Also, from Z decay, 

r (Z + bb) = 664 MeV 
I 

TiL 1 . 
2 

+ - sm’ 0~ 
3 

TiR + i sin’ 19w 
> 

From these two equations T3L and TjR can be measured. (Note that the sign 
of AFB distinguishes Tsf, from TJR.) I am not aware of any analysis doing 
that yet. In the past only the e+e- -+ bb data was available. It was used at 
PETRA, assuming TiR = 0, to give PI 

2T3br. = -(I.15 f 0.41), CELLO 
= -(0.70 f 0.22), JADti 
= -( 1.2 f 0.5), TASS0 
= -( 1.44 f 0.56 f 0.13). AMY 

These are the most recent measurements of which I am aware. Except for 
AMY, they have been corrected for B” - B” mixing, which itself causes a 
significant asymmetry. They are presently the most accurate measurements 
of TiL = -l/2, and have been done assuming TiR = 0. 

While the above is the best measurement today of TiL, historically”” a 
different argument was fist used to imply the top quark exists. If b were 
an SLT(2) singlet then top would not have to exist, so assume b is am X’(2) 
singlet. Then b has no charged current interactions so it cannot decay hy 
W emission. But it does decay, so it must do so by some kind of mixing 
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with lighter quarks s, d as in fig. 2 (the result will not depend on the mixing 
mechanism). 

But if that happens then so must the process 

In the ratio of rates for these, the unknown mixing cancels. One can 
make this quantitative Irl and show that 

BR(b-+ @e-x) > 0.013. 

Experimentally this BR is less than 0.0012 according to the CLEO group. PI 
This establishes that bL is not an W(2) singlet, so other particles must 
accompany b. As remarked above, no alternative except a simple (i), doublet 
has been found that is not excluded by other data. 

Finally, since an W(2) rotation from b --) t must commute with space 
time properties, and we believe the W(2) breaking only affects the masses, 
all space-time properties such as V  - A  couplings measured for the b should 
apply to the r. 

THE UPPER LIMIT ON Mt 

Having found that the top quark exists, the next problem is to determine 
its mass. Until it is directly detected (which cannot happen before a year 
from now - see below) only infirect, arguments can be help. Using an area; 
ment basically due to Veltman, applied recently by a number of people, ’ 
one can show that 

IN ANY THEORY ONE CAN SET AN UPPER LIMIT ON M,. 

The upper limit always exists and we will denote it with zg. The value 
of ii?l depends on the theory, and particularly on whether other particles 

beyond those of the minimal S M  occur. Basically the argument comes from 
the observation that the W  mass gets a contribution from the diagram 

and the value of the contribution depends on Mt and Mb. Similarly, the Z 
mass gets contributions from 

t 

F  

and 

It is customary to show the results for the quantity p = Mw /Mz co6 0~ 
and to neglect Mi/Mf, in which case for the minimal SM,” 

If one chooses a prescription for radiative corrections where p E  1, then a 
similar effect shows up for some other observable. The basic physics is the 
same, namely as W(2) is broken by separating the masses of the particles in 
the multiplet, observable effects of the symmetry breaking arise and became 
large enough to be detected.““’ Since p is measured to better than a per 
cent to be 1, Mr cannot get too large. 

Unfortunately, as was emphasized above, the limit holds in any theory 
- but since we do not yet know the full theory of everything we cannot draw 
any firm conclusions about the actual value of Mt. Loop diagrams such as 
those above could have contributions from supersymmetric partners or other 
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new particles, of either sign relative to these diagrams; the value of Ti?, 
could be larger or smaller than for the minimal SM. Presumably such effects 
are likely since most of us believe some physics beyond the minimal SM will 
occur. 

. Further, tree level effects can also occur. For example, if a Higgs boson 
triplet representation were part of the complete theory, with a triplet vacuum 
expectation value VT for the neutral triplet state with T3 = -1, and a doublet 
VEV VD, then it turns out”” that 

and since the first factor is necessarily less than unity it is easy for the effects 
of a larger Mt to be hidden. We are not recommending such an alternative, 1111 

only emphasizing that the value of a;?1 is not unique. 114 

Having said that, we note that some very recent calculations based on 
the precise LEP data have given the result”” 

Mt = 135 + 27 - 31 GeV 

in the minimal SM. In another calculation, these authors “‘I have looked at 
the effect of including supersymmetric partners in the loops. With some 
assumptions, they conclude that 

Mt = 131+ 24 - 28 GeV. 

These analyses give a range rather than only an upper limit since the data 
is now so precise that it is somewhat sensitive to the actual value of Aft 
once Mt 2 Mw. The errors are “one-standard deviation,” defmed in a 
complicated way, so presumably they should not be interpreted too rigidly. 
Complexities in the data analysis giving the input numbers can afTect the 
final results too. For example, Pumplin has argued’“’ that “higher twist” 
effects in v  scattering could shift the value of sin’& deduced there by as 
much as 0.01. 

If Mt does lie in those rang& it implies either that there is little other 
physics at the weak scale that affects such questions, or that the new physics 
comes in pairs whose effects cancel. It puts a strong constraint on any 
ideas. If Mt lies outside those ranges it is more interesting, since then new 
physics must exist at the weak scale. Of course, these analyses rely heavily 
on experimental measurements, so the conclusions only are valid if the data 
does not change. 

CONSTRAINTS ON Mi 
In any given theory other constraints can exist on Mt in order to have the 

theory be consistent, or perturbatively unifiable, or have an appropriate min- 
imum for the Higgs potential. None of these constraints applies independent 
of the assumptions of the particular theory in question. If the constraints 
were violated in some theory when Mt is known, it, would exclude that the- 
ory. One of the earliest of these is Cabibbo et al., ref. 15. A useful review 
is that of Sher, ref. 16; ref. 17 is a recent paper on cosmological constraints, 
from which the literature can be traced. Since these approaches are more 
relevant to constructing theories than to Md itself, we will not pursue them 
further here. 

SM TOP DECAYS, SIGNATURES 

Now we turn to top quark decays and signatures. First, we examine 
the SM behavior of top,“‘] and then we can consider some possible non-SM 
behaviors. If top decays are (or are dominantly) SM, then the experimental 
lower limit of 89 GeV is valid so we assume here that the dominant decay is 
the two-body process t + W+b. 

The SM top decays are 

(b) 

W+ 

t 
5 

-c 
W+ 

Cc) r,, -1 v,,, I’-- lo-’ 

The approximate sizes are given for comparison purposes. r, has too 
small a branching ratio for a measurement at FNAL (either in top decays 
or by production from an s-quark) but may be measurable at future high 
luminosity hadron colliders or at NLC. rd is probably too small and has 
too difficult a signature to ever directly measure it, but once Mt is known 
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and other parameters are better fixed it is fairly well determined by B” - p 
mixing; the lo-’ estimate comes from the B”-B” mixing approximate result 
Mt 1 vt,j 1~ 1 GeV with Mt set at 100 GeV (see below). 

Consider the W decay. In the W rest frame longitudinally polarized W’s, 
WL, have decay distribution 

. 

WL - sin28, 

and transversely polarized W’s, W*, have decay distribution 

Wi - (1 F co@, 

where B is the angle from one of the fermions from W decay to the direction 
the W was traveling. 

Suppose we set Mb = 0 se the &quark must be left-handed for a SM 
t decay. Consider the decay in the t rest frame, and quantize along the 
direction of b - W motion. 

tv;- 

If the 2 helicity initially pointed in the direction of W motion, and the 
b helicity does the same because it is left-handed, then the W must have 
helicity zero, i.e., be longitudinally polarized, WL. If the t helicity initially 
pointed in the direction of b motion, then the W must have its helicity in 
the ssme direction since the b helicity is still left-handed. Then the W is 
left-handed, which we denote W-. There is a unique U’ polarization for 
each t polarization. Neither t helicity gives W+, so that is a SM prediction. 
There are only two independent helicity amplitudes, one for 14’~ and one for 
W-. 

Define in general 

I’L = decay width to WL 
r+ = decay width to W+ 
I’- = decay width to W- 

so 

IT = decay width to transverse W’S = r+ + r- 

r = total decay width = rT + rL. 

Then the angular distribution of W decay for the case Mb = 0 will be 
the longitudinal width times the longitudinal angular distribution plus the 
transverse width times the transverse distribution, 

dr -N 
dcostl 

rLsin2B+r-(i+cos8)2 

{ 

2r- 
=r l+rcose+T- 

r- -rLcos2e 

> 

ignoring an overall numerical factor. In the general case where either Mb # 
0 or non-SM interaction terms are allowed, in the second terms make the 
replacement r- -+ I’- - r+, and in the third term I’- + r- + r+. 

The full SM width for t --+ bW is 

r= ..& (n4f-M# I- ,ayM2 + 6MsM: 
I w (M:-M&)~ 

-----+ GFM: 
M,>Mw - 

8nfi 

N 170 MeV 

The last two forms are not a good numerical approximation for Aft a little 
larger than Mw, but do indicate the general structure. 

Finally, the t-quark could be produced polarized transverse to the pro 
duction (z - 2) plane,“0’z0’ with polarization P$ in the +y direction, in which 
case the partial widths become, still for Mb = 0, 

4XdrL 
M”“’ 

-=2+Mf/M& rdR 
{ 1 - P+ sin eb sin vb} , 

4lrdr- 2 -Tz 
rdR 2 + Mf/A4$ 

(1 + P;sin& sinpb}, 

dr+=o. 

Here Ob, pb are the angles of the b-quark direction in the t rest frame. Pi is 

the polarization oft in the direction of bz x zwhere t is produced by a beam 
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- antibeam interaction (e.g., g+l + t+Z, or e+e- --+ t+t). Note the ratio 
rL/rT grows with Mt as Mf/2M&. The above formulas are calculated by 
writing the matrix element for each t and W helicity and adding the squares 
of appropriate ones. QCD and electroweak corrections to top decays have 
bee- studied.“““’ The corrections to the total width including soft gluons 
are about -S%, a small effect, but the corrections to the tree level decay rate 
are large, as much as 80% for Mt + 200 GeV; they are sensitive to the cutoff 
on extra jet energy and to Mt/Mb. Thus, ref. 22 argues that the fraction of 
top decays that have only W + b and no gluon jets should be small. 

PRODUCTION OF t 

(a) At LEP200 a SM top quark is at best of marginal interest. If Mt 2 95 
GeV its cross section will be quite small there, and it will already have been 
discovered at FNAL in i991 before LEP can increase its energy. However, if 
t is hidden because of no&M decays then LEP could still be a top factory. 
The region 60 GeV 5 Mt 5 85 GeV will remain a possibility for some time, 
until either (i) top is found at FNAL, or (ii) this region is explored at LEP. 

(b) The NLC, by which we mean an e+e- collider with 

and 
400 GeV 5 & 5 500 GeV 

L > 3 x 1O32 cmT2 set-’ - 

is a very powerful device for top quark physics. First, if top is not found at 
FNAL, NLC is guaranteed to detect it however it decays, or to have shown 
that the limit of about 200 GeV discussed above is exceeded and therefore 
new physics exists. Second, whether top is first found at FNAL or not, 
NLC can be a real top factory, studying 1 in depth, including some kinds of 
analyses that probably cannot be done at hadron colliders (see below). 

As an indication of the rate the cross section for tC production when 
M: >> Mj is o(C) N 2.1 o point N 2.1 x 4r02/39 N 18Ofb/s(TeV’). 

The cross section for gg -+ ti including some higher order effects has 
been calculated by Dawson, Ellis, and Nason;“” it is now rather well known 
theoretically, and may be the most accurate way to determine Mt. At FNAL 
it is about 100 pb for Mt = 100 GeV, and falls almost as M;‘. 

At FNAL an integrated luminosity of about 30 pb-’ should”” allow 
detecting t if Mt is less than about 145 GeV and decays as a SM particle; 
the next run, starting about August 1991, should accumulate that much 

data. A search to 200 GeV will take about 130 pb-‘. A SM top quark can 
be detected at FNAL in the next few years up to about 220 GeV in mass if 
sufficient funds are input to upgrade the intensity (and energy to 2 TeV). AS 
discussed above, if none is found in that range we know new physics exists 
on the weak scale. But it is by no means settled that the necessary funds 
will be available to carry out the needed luminosity upgrades. 

By 2000 we should have collisions at both LHC at CERN, and SSC. 
Both will produce over 10s t-quarks in a year of 10’ set at L = 1O33 cmm2 
set-’ if Mt 5 200 GeV, with SSC producing about three times more than 
LHC. Detecting a SM top will not be di5cult, and because of the large 
event rate some no&M top decays could be detected; careful simulations 
will be needed because the EW/QCD backgrounds to non-SM decays are 
never negligible. In general the non-SM modes will be studied by tagging 
one top with t -+ Wb, W -+ PY, and examining the decay of the associated 
t. 

DETECTING SM TOPS - SIGNATURES 

If SM decays dominate, almost all tops will decay as shown, 

The best signature comes from semileptonic decays, so 

t+f+ti+P-+b+&+missingmomentum. 

When !+e- = p’+e- or p-e+, there is essentially no background if leptons 
are isolated, so even two events could indicate a signal. Unfortunately, the 
branching fraction suppression is about a factor of 40, so large cross sections 
are needed. To keep enthusiasm up, the CDF group has reported one such 
event, with only a fraction of an event expected from background. 

If a signal is claimed in these modes, it must be accompanied by e+e- 
and p+p- events, as well as by the signatures discussed below, so it will not 
be easy to fake. 
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Another signature that is useful and has a larger rate triggers by having 
f or t decay to @ + v+ jet(s), and the other to jets. This is 32% of all 
decays. There is more background, but the background is calculable and 
independently measurable. When a cut is made insisting that three or more 
of the jets are hard, the background is not expected to be a problem. 

l Both methods will work better with vertex detection to tag b’s, since 
most background has u, d, s, g jets. The CDF detector will have such vertex 
detection in the next run at FNAL. On the basis of searches for a top quark 
using the above techniques, the CDF group has published”’ the result that 
for a SM top quark, 

Mt > 89 GeV 

at 96% CL. This result can be marginally improved over the next year as 
further decay modes are incorporated. 

The signatures discussed so far are rather straightforward. Other inter- 
esting distributions can be used as well, both for searching and as confn- 
mation of a signal. For example, as Barger & Phillips”” have emphasized, 
the main background source of hard leptons is bb events, but at FNAL the 
leptons from bb tend to be back-toback with each other, while the leptons 
from tt are essentially isotropic because the tops are heavy and their decays 
are essentially uncorrelated. If M, N n4w special effects could occur; see for 
example ref 26. 

MODEL-INDEPENDENT LOWER LIMIT ON Mt 

Many people have noted that W decays can be used to observe t or to 
put a lower limit on Mr. If t is lighter than Mw -Mb, then W -+ t + 6. Since 

BR(W -+ ev) = 
r(w -+ ev) 

r(w -+ ev) + ryw - PV) + . . . + r(w --+ tb)’ 
a measurement of BR(W + ev) combined with the use of SM values for the 
other partial widths, allows a limit to be set on I’(IY -+ 1+ b), which in turn 
sets a lower limit on Mt. Numerically, Pw decreases by 20% as M’ increases 
from 45 GeV to Mw -Mb. The theory value can be calculated to better than 
a percent accuracy. 

In practice what is measured is a(W) . BR(W -+ ev) so the ability to 
calculate cr( W) enters.“” So far UA2 and CDF have proceeded by taking 
ratios of u( W)BR(W -+ ev) and a(Z)BR(Z + ee), which eliminates many 
systematic and calculational errors. The best result is presently Mt > 41 
GeV (90% CL) from CDF, based solely on the electron channels. It turns 
out that the size of the errors is determined by the limited number of Z”s. 

As the p’v and p+p- channels get included the limit will rise to nearly 50 GeV 
if a positive signal is not seen. With the integrated luminosity of the 1991 
data the limit could get to 60 GeV. In ref. 28 it is argued that combining 
all relevant data from different experiments pushes the CDF 41 GeV limit 
up to 52 GeV already. 

These limits do not depend at all on how t decays, so they could see an 
effect that was very difficult to detect directly if t had dominant nor&M 
decays, as we discuss shortly. Pursuing such limits (or seeing an effect) will 
be very important until a top quark is found. 

DETERMINING THE CHARGE OF A NEW HEAVY QUARK”” 

Suppose a new heavy quark is discovered. Can we decide if it has Q = 2/3 
or q = l/3 (or -)? In principle, they have different AR values, but the 
situation is not so simple as at low energies, because (i) AR/R < 1, and (ii) 
ARz/s N AR-r13. It turns out that a good way to decide is available, the 
analysis of the forward/backward asymmetry in the semileptonic decay. The 
differential cross section is of the form 

&(/f-~ QQ) =A+Bcos’O+CcosO 

where cos fl = $1. fin. The coefficient C determines the asymmetry and it is 
(l’, A are the vector and axial vector couplings of f, Q) 

c - ~V~A~VQAQ 1 x 1’ +eQejAQAjReX 

X = s/ (s - M; + iMzrz) . 

If we interchange a t and a b’ quark, for example, all of VQ, AQ, ep change sign 
so C does not change sign, and t and b’ have the same forward/backward 
asymmetry. The size of the asymmetry changes a little, but it is hard to 
measure accurately. However, when they decay 

t + e+vx 
b’ --+ e-fix. 

So the lepton forward/backward symmetry is opposite and allows us to easily 
distinguish the two cases, at hadron or electron colliders. 

TOP DECAYS - A WINDOW TO NEW PHYSICS? 

Since the top quark is heavy, it could have decays to new objects that 
have not been detected other ways, or major non-SM decays to conventional 
particles. If these new decays dominate they could have signatures very 
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different from the SM ones discussed above, so that the reported limit Mr > 
89 GeV would not apply. The 41 GeV limit still applies. Or  the new decays 
could be rare ones that would not affect the limits, but would be exciting 
new physics if detected. 

. If in fact Mf < Mw + Mb and t is decaying in a non-SM way, then the 
non-SM decay could dominate if it were a two-body decay with large phase 
space compared to the SM decay via a virtual W. But if Mt > Mw + Mb, 
then the decay t + W  + b is also twebody and is full strength electroweak, 
so it will never be negligible, and the signature from t -+ W  + b can always 
be used to put strong lower limits on Mt. Thus at present the region 

41 GeV < Mt < 87 GeV 

is NOT excluded. After the full analysis of the next FNAL run, if no top 
quark is found the approximate model independent allowed values for Mf 
will be 

60 GeV 5. M, < 87 GeV 

and 

M, 1 140 GeV; 

the fist of these will be excluded for a SM top but not for a general top. 

Let us examine some possible non-SM top decays. Our approach is not 
that these will or should occur, but that they do occur in interesting, reason- 
able extensions of the SM and therefore they might occur in reality. They 
should be taken seriously. These possibilities are not new; most of them have 
been discussed for some number of years. 

Supersymmetric decays 

If nature is supersymmetric the left-handed and right-handed top quarks 
have supersymmetric partners ir. and TV. These electroweak eigenstates give - - 
rise to mass eigenstates 11 and t2 after a rotation. Models exist in which one 
of the mass eigenstates is lighter than the t either because of typical mixing 
level repulsion effects, or in some cases because the masses of the partners 
are determined for all fermions by a result such as 

where G  is a general mass parameter. Then since Mt is large, if Mt ~Git 
can happen that h-I, < Mt while all other & N G  are large. 

In that case the decay 

t 4 t; + LSP 

is allowed, where LSP is the lightest supersymmetric partner. The LSP could 
be a photino, but it can more generally be a combination of gauginos. These 
decays have been discussed BS a possibility since 1983. See ref. 31 for more 
recent analysis and references. 

For example, if M, = 75 GeV and G,, = 60 GeV and MLSP = 10 
GeV this decay is not excluded by any data, Limits on squark maSses have _ 
been published that are larger than 60 GeV, but they assume”g all twelve 
mass eigenstates are degenerate. Up-type squarks with 2 < 42 GeV and 
down-type squarks with %  < 43 GeV have been excluded.“3’ The limits 
would be significantly smaller for stops of one chirality. Eventually LEPSOO 
could detect or exclude stops up to the needed 82 GeV, and possibly it could 
be done at FNAL. The expected branching ratio is very model dependent. 
Since it is effectively a neutral current decay most calculations give I’(t --+ 
i+ LSP)/I’(t + Wb) proportional to sin’ 6~ times a mass dependent factor 
that can be of order unity once M, > Mw + Mb. 

If 1 + i+ LSP occurs the next question is how i decays. That is model 
dependent. “‘w’ If V and @  are light, then 

could dominate; .?-+ P + 4. The final state in both cases is b + t’*+ missing 
momentum. The final state from t + t is then b + & + @  + 4-+ several 
escaping LSP’s and v’s. While this can be analyzed, and is a possibility, it 
is not favored in some models. 

If G  and e are both heavier than r, this becomes a a-body decay and it is 
severely suppressed by Cbody phase space. Then it is likely that the 2-body 
decay 

?-c+LSP 
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dominates, by one loop, 

. 
x -e-m 

C 

&Ic \n’ 
LSP 

Then t + f gives c + c+ two LSP’s, also a signature that can be examined. 
See ref. 34 for study of i -+ c+ LSP. 

The CDF and DO detector groups could search for t + i‘i- LSP in the 
range 41 GeV < M, < 87 GeV and detect it or exclude it over much of the 
parameter range. If t is not discovered as a SM particle in the 1991 data, 
this will be an important analysis. 

A decay which is perhags not so likely but should be kept in mind once -- 
top is detected is t + W + b. If W, b are light enough this would be a copious 
source. 

Decay to charged Higgs bosons 

Another possible non-SM top decay that has been considered seriously 
at least since 1979”” is t - b+ H+ where H+ is a charged Higgs boson that 
occurs when more than one (non-singlet) Higgs representation is included in 
the theory. H+ must exist in a supersymmetric world, and in many others. 

Again there are two regions. 2” decays”” tell us that rn~* 2 35.443 
GeV depending on decay modes, and we assume that if MS 5 45 GeV it 
will be detected at LEP, so if t + b + H+ is dominant then 

50 GeV < Mt I 87 GeV 

and 1 was not observed so far because the signature of this decay is unlike 
the SM signatures. In this region the H+ decays of significance are 

H+ - cs, TV,, c6. 

Because of the Higgs origin of H+ it will have a fermion mass factor, and a 
factor of 3 for color for quark channels. A factor v& from the KM matrix is 
expected to suppress the cb decay. All of these factors are model dependent. 
There will also be a factor of the ratio of the two vacuum expectation values if 

H+ arises in a two doublet world. If t + H+b is the only two-body top decay 
it will dominate regardless of details, giving almost all of the decays. Then 
how H+ decays is relevant for its signature, and one finds approximately in 
the SUSY-like models,‘“‘] 

BR (H+ -+ T+V) 
BR(H+ --, a-) 

0 

Pr M,’ tan2 p (M;, - Mr”) 
3p, (M,2tan2/?+MZcot2p)(M;+ -Mj) -4M:M,2tan~cotP’ 

where tan/3 is the ratio of vacuum expectation values, and P, and PC are the 
T and c momenta. If MI/Mb > 1 is associated with the vacuum expectation 
values then tan 4 > 1. Searches for 

t --+ H+b, Hi + CS or TV 

can detect or exclude this as the dominant t decay. 

If Mt > MW + Mb, then t + W + b is also two-body and never negligible. 
In SUSY-like models,“” 

BR (t + H+b) 
BR(t ---t W+b) = 
PH+ (Mb’ + Mf - M;) (M; tan2 /3 + Mf cot’ /3) + 4M; M; tan p cot B 
pw+ M$, (M; + Ml - 2M;) + (M; - M;)2 

+ cot2 p 
Mf > M$, Mjj 

which is of order 0.1 if Mu is not too different from Mw,‘unless tan /3 is very 
different from unity; for small tan@ this ratio gets large compared to unity. 
Thus once Mt > Mw + Mb, top will be detected by its SM mode, and the 
new physics mode can be seen by a careful study of events when sufBcient 
statistics are in hand. 

Once MH+ > Mw additional possible decays arise. In any model the 
mode 

H+---,W++hO 

will be large if allowed,‘J”3*1 where h” is the lightest of the neutral Higgs 
bosons. This is a typical situation in supersymmetric worlds, where MH+ > 
Mw is required in minimal theories and is generally true, and where h” is 
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usually not heavy. Then this is the dominant H+ decay. Normally h” --) bii 
H+ can also have large decays to SUSY partners or-other new particles. 
Once top is found, if MC > Mw + Mb it will be very important to search for 
*new top decays such as these signatures, at the few per cent level. 

Decays to heavy quarks 

If additional heavy quarks exist, it can happen that (say) a new quark 
with electric charge -l/3, b’, exists. Then 

t - b’p+v 

could occur, or be important. The heavy quark b’ could be from a fourth 
family, or the S(I(2) singlet from an Es family, or something else. If this 
occurs the t? and u are softer, and the published limits on t are not right. 
The decays of b’ are model dependent, but most likely b’ -+ Cev, cq’g. 

Flavor-changing neutral current decays 

A possible set of decays of great importance are 

t-+c+g, 
-+c+r, 
--+c+z, 
-c+h’. 

In theories with additional particles that are not in SU(2) doublets and that 
can mix with t, these can arise at tree level and in principle could be large 
or even dominant. Except for c + g good signatures exist, so these could 
be detected. The decay of ho is dominantly bb, so enhanced capability of b 
detection would probably be necessary for finding this mode. 

More likely, perhaps, is finding these decays as rare branching ratios. 
None of them occur at detectable levels in the SM, so detecting them at all 
would be a breakthrough into the new physics world. They can occur from 
mixing of t with a heavier object, or from loop effects. w As above, if t is 
not too heavy their two-body phase space can enhance them relative to the 
SM decays, while once t -+ W + b is fully open the flavor changing neutral 
decays are likely to be small.“” 

Other possibilities 

The decays discussed above are the most likely non-SM top decays from 
the point of view of today’s ideas, but by no means the only possibilities. 
Decays to other objects from unified models can be written, for example. 
If the top quark is not found the possibility should be taken very seriolisly 

that it is decaying in a no&M way. If it is found dominantly decaying to 
IV + b, the second top in each event should be carefully studied as a window 
for small no&M modes. 

NEW INFORMATION ONCE TOP IS OBSERVED 

If top is seen with only SM decays one can immediately conclude that 
MH+ > Ml - Mb, MI + M~sp > Mt, etc. Every model will be constrained by 
several such relations. 

STUDYING THE TOP DECAY COUPLINGS’=’ 

Suppose we produce a new quark. How can we tell if its decay is a normal 
V - A one or if new interactions are present? For example, many theories 
require the presence of “mirror fermions” that decay to lighter fermions via 
a V + A interaction. 

Note that this question is applicable to the t-quark, even though the argu- 
ments given above that b-quark decays and interactions require the existence 
of a t-quark imply that the b and t have the same space-time properties, and 
there is already evidence that the b has V - A decays, because there could 
be a small V + A (or other) interaction whose effect grows with mass scale, 
e.g., as Mi/b’. 

The answer is that one good way to tell is from the semi-leptonic decay 
distributions looked at on a Dalitz plot. A similar argument would hold 
for the b-quark. Consider an es = 213 quark, decaying in its rest frame, 
Q --$ qPv, and assume all final state masses can be neglected. Then we can 
make a table, 

V-A + 
IM12- (PQ.Pl)(P,.P") ,,"PJfPq.PtJ 
m/dE,dE! - Et (42 - EC) JL (w/2 - &) 

E,,= mQ - E, - Et 

where j stands for the quark jet. Then the Dalitz plots look very different. 
For V - A lines are dense near the center, while for V + A they are dense 
in a band that does not go through the center. Distinguishing in practice 
would not be difficult. 

For an eq = -l/3 quark, V - A H V + A relative to a top quark. These 
arguments could be applied to b decay too. For a new quark the charge may 
have to be determined by the forward/backward asymmetry of the lepton in 
the semileptonic decay, as discussed a few sections above. 

TOP QUARK AT NLC 

The top quark physics that could be done at NLC is a major justification 
for constructing such a facility (only one of several such justifications). 
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If top is not found at FNAL, then NLC would either find it or prove it is 
heavier than about 250 GeV, in which case new physics must be present on 
the electroweak scale as discussed above. The advantage NLC would have 
over FNAL in this situation is the simplicity of e+e- collisions. If top is not 
found at FNAL it could either be that it is too heavy or that it is decaying in 
a way not examined by the CDF and DO detectors, while at NLC all decays 
could be seen. Thus NLC would be guaranteed a major result either way. 

If top is found at FNAL it can still be studied in unique ways at NLC. 

1. Peskin and Strassler”” have recently shown that Mr can be measured 
to better than one GeV from the threshold behavior of tt production, 
and that the top width can be measured to 25% or better accuracy. 
One should ask how well we need to know Mt. It will be measured to 
f 10 GeV at hadron colliders (some analyses claim f 7 GeV).But a 
simple argument suggests f 1 GeV will eventually be needed. That 
comes from looking at a graph of the left-right polarization asymmetry 
at e+e- colliders vs. M, (e.g., fig. 32 of ref. 42). Over the range of 
interest in Mr, ALR changes by about 0.04 as Mr changes by about 150 
GeV, and the change is approximately linear, so AALR/AM~ 2 0.0003 
GeV-‘. SLD experimenters have argued that ultimately they hope to 
measure ALR to 1% of its value, about f0.0013. If this measurement 
is to be a new constraint on the theory, the uncertainty in ALR due 
to our (lack of) knowledge of Mt must be significantly smaller than 
0.0013, so AM* should be less than about 2 GeV, i.e., fl GeV. Thus 
a measurement of Mr to considerably greater accuracy than is possible 
at hadron colliders will eventually be needed. To put it differently, if 
AM* N 20 GeV, then one cannot interpret a measurement of ALR to 
better than about 5% accuracy as a constraint on the theory, though 
it could be used to extract a better value for Mt. 

2. At NLC, depending on details of M,, energy, and luminosity, rare de- 
cays of top can be searched for down to a branching ratio of about 
lo-‘. For some modes it should be possible to do better at SSC/LHC, 
but a systematic and general search will only be possible at an electron 
collider. 

TESTING QCD POLARIZATION PREDICTIONS 

As noted in the introduction, heavy tops decay so quickly that they do 
not form hadrons before decaying. They effectively decay as free quarks. 
That gives us the possibility of testing some interesting QCD predictions. 

Consider the polarization transverse to the production plrme,“s’pO’ of a 
quark. For example, in 

e+e- --) q@ 

the dominant, tree level process is 

If the amplitude is MA,A, with X’,X = f representing the quark spins, 
the transverse polarization is 

P,’ = 2Zm (M++M;-) / (I M++ I2 + I M+- 1’) . 

At tree level this is zero because the amplitudes are relatively real. In addi- 
tion the spin flip amplitude is proportional to quark mass. Thus at tree level 
QCD predicts that quarks are produced with zero transverse polarization. 

By adding the one-loop gluon contribution 

e+ 
xii 8 

4--6 

e- 3 + -----.. 

a 

an imaginary part is introduced into the amplitude. Then the polarization 
is predicted to be 

4 M sin6cosB 
p,’ = -a+ - 

3 4 1+cosze 
+... 

where the first term is the y contribution,“” and B is the production angle 
of q. 

This is obviously numerically negligible for all quarks but top; even for 
top it is at most about a,/2 5 0.06, which is very hard to see. Testing this 
prediction tests the loop corrections and helicity structure of QCD in new 
ways. 
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Before discussing the experimental tests, we note the calculation is in- 
teresting. The loop-amplitude can be written”” 

. 
M~oop = BI + R 

where B is the tree diagram, and Z is a spin-independent integral that is 
infrared divergent from the diagram shown, and becomes finite by cancella- 
tions from other diagrams. R is infrared finite and spin dependent. Since 
the polarization arises by interfering the loop contribution with the Born 
term B, no polarization can arise from the term BI, which therefore need 
not be calculated. The procedure is considerably simplified by only needing 
to determine R++, R+-. 

The form of the result for P,’ is clear. The oS arises from the gluon and 
the Mp/& from the helicity flip. They must be multiplied by a number of 
order unity and by an angular distribution. 

In general it is not clear how to measure a quark polarization. There are 
probably two unambiguous possibilities. First, since QCD says a quark has 
at most a very small polarization, the only direction that can be associated 
with a quark jet is its momentum. If any non-zero value can be found for a 
transverse direction. or an observable such as 

c 
hadrons h 

f(Eh)s’ (?bem x $jet) 

in jet 

for some weighting function f(E,+), then the QCD prediction is violated. For 
f(En) = 1 conservation of momentum guarantees no effect, but choices such 
as f(Eh) = Eh could be considered. So far no one has tried this analysis. 

The second possibility for testing the prediction, which is why it is in 
these notes, is that the top quark decays as a free quark if it is heavy enough, 
and once it is heavy enough to decay to W + b it easily analyzes its own 
polarization in the decay. In a paper”” to be published we will explain 
in detail how to measure PIT and test the QCD prediction at NLC and at 
h&on colliders. 

The top polarization measurement is of even more general interest. First, 
although we have presented the result for e+e- as is suitable for lectures at 
SLAC, of course the same tests can be made at hadron colliders such as SSC, 
LHC. Too few tops will be produced at FNAL for a precise test, though the 
symmetry tests mentioned below should be carried out there. At a hadron 
collider the dominant production process are 99 + tt and qQ -+ tf. The 

former dominates for lighter Mt or at the SSC, while the latter dominates 
for Mt > 100 GeV at FNAL. The quark polarization for 99 -+ IF has been 
calculated in ref. 43. The predictions for FNAL, LHC, and SSC are presented 
in ref. 20. The top quark still analyzes its polarization by its decay to W + b. 

Second, there are no tests of symmetries in high energy collisions. If 
parity or CP were violated, even maximally, in collisions at FNAL, how 
would we know? In general it is very hard to find observables that cleanly 
allow such tests, and the top polarization analyzed by t -+ W + b will be a 
very good one. 

CORRELATION OF TOP SPIN DIRECTION WITH FINAL b,e+ 
DIRECTIONS”” 

Consider t(p) + b(p’) + f?(t) + v(k) w h ere momenta are shown in paren- 
theses. The matrix element is 

so the width is proportional to 

where s is the top spin four-vector. In the t rest frame, s = (0, aT),p = (mt,6), 
and Cs = 14 SO 

~~m~E~(1+~~~)-1+cos6,~ 

where i is a unit vector in the direction of f so 6’,, is the angle between 
the lepton momentum and the t spin directions. This result assumes 100% 
polarization of the present quark, but is otherwise general. It is different 
from the result for muon decay, when the s’. 2 correlation depends on the 
lepton energy (vanishing when Et = M,,/4). This result can have important 
implications, since it implies a strong correlation, with more leptons emitted 
in the, direction of the 1 spin, the rate going to zero when the lepton is 
antiparallel to the t spin. 

For a 5 the appropriate projection operator is 

(Y. P - ml (1 + 757. ~1 

so effectively the sign of m changes, and the correlation is 

l-j.e^-. 

In any particular application it is necessary to check whether both 1 and t 

-135- 



, 

are present and whether the effects can cancel if charges are not measured 
or t, f cannot be distinguished. 

MEASURING Mt FROM LOOPS 

‘d 
As we discussed above, some of the most precisely measured observables 

epend on Mt, and requiring a consistent set of results fixes Mt to be be- 
tween about 100 GeV and 180 GeV. As increasingly precise measurements of 
Mw, Mz, F(Z -+ bb), and other quantities are made, Mt will be determined 
with increasing accuracy, following the original idea of Veltman. 

But if Mt is only determined indirectly in this way how sure can we 
be that some new physics is not sneaking in and biasing the result? With 
only one measurement it is indeed not difficult to affect the result, as we 
mentioned above. 

However, on the same time scale of a few years a number of independent 
measurements that depend sensitively on Mt willt”’ be made. Although no 
one has done a systematic analysis to my knowledge, it seems clear that 
the new physics that enters in one place will enter differently in others, 
so once several independent observables are available, Mt will effectively be 
uniquely determined, perhaps as accurately as f15 GeV. Some of the relevant 
observables are: 

(1) 

(2) 

As observed by Flynn and Randall,“‘] e’/e depends sensitively on Mt 
once MI is large. Their result has been parameterized in ref. 46 as 

M(GeV) - - 
100 

where N is a calculable number. Since this has a zero for Mt N 210 
GeV, while the bracket is of order unity for Mt N Mw, clearly a good 
measurement will help. The present error in the coefficient will decrease 
as other parameters are better measured. 
Bo - B” mixing,“” both for B,O and Bi, give results approximately 
proportional to Mt* in the SM. 
For example, in the minimal SM, the mixing parameter sd, which has 
an experimental value of 0.7 f 0.2, is given by 

where Q is the b lifetime, f~ the B wavefunction at the origin, and 
F(yt) a slowly varying function of masses which is F(yt) N 1 if yl = 
Mf/M& << 1, F(yt) N 114 if yt >> 1. 

(3) The rare decay B -) Ke+P- only arises at one loop and is dominated 
by the top loop, 

It should be detectable at CESR in 2-3 years; the expected BR is above 
10-s. 

(4) The rare decay K+ + rr+vC is being looked for in dedicated experiment 
at Brookhaven. It also arises from a loop diagram, 

The top contribution is similar for methods (3) and (4), but other 
new physics effects such as a fourth generation would not be. The 
SM prediction for this is 10-l’ - lo-“, depending on Mt; it may be 
detectable in about three years at BNL. 

(5) Also at BNL, KL -+ p + - p has been measured to be very nearly given 
by just the imaginary contribution of the diagram 

which is calculable by unitarity. The real part must also contribute, 
and so the loops that have L are very tightly constrained. 

PREDICTION FOR Mt 

Next we summarize briefly a series of analyses and predictions of the 
value of Mt. Many speculations exist, or course, and some may be right. 
Whether any are right for the right reasons is not so clear. Two related ones 
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seem more likely to me to be correct, one corresponding to Mf being a fixed 
point solution of the renormalization group equations, and the second where 
Mt must be large enough so that supersymmetry gives us an explanation 
of the Higgs mechanism. However, at the present time such arguments’are 

. mainly a matter of taste, and no one has given compelling arguments as to 
why any of the following ideas (or any others) should be correct. We present 
them as a guide for the reader who wishes to study the question further. 

One of the important points to note from the following examples is that 
many theorists have long expected M, to be rather large, typically Mt 2 
!Mw. Certanly that is the case since the mid-1980’s. On the other hand, 
our fundamental understanding of fermion masses is so weak that no one was 
sure Ml would be large. 

(1) One of the earliest clear arguments for a large Ml came from Pendelton 
and Ross”” in 1981, and was studied in more depth by Hill”” later. The 
basic idea is that taking into account higher order effects gives for the top 
quark-H&s coupling (and therefore for Mt) a result which is graphically 

This gives an equation for gt = Mt/(v/fi), 

An 16s’~ = 91 ?-,:-a& &7:++:>>. 

Here gr, 92, gr are the U(l),SU(2), and SU(3) couplings, u is the Higgs 
vacuum expectations value, and Q  the momentum transfer. An equation 
such as this arises whenever higher order effects are taken into account, and 
gives the “running” couphngs, i.e., couplings that change with momentum 
transfer, because the relative size of the loop contributions changes with 
momentum transfer. The first term on the right comes from the diagram 
with a top quark loop, which has three Higgs-top couplings and therefore a 
g:; the next term has one H&s-top coupling so a factor gl, and two gluon-top 
couplings ga. The last term comes from the electroweak (y, W, Z) loops. 

The gluon coupling satisfies a similar equation, 

which becomes 
dg3 

“x2 dlnQ 
- N -bog; 

where bo = 11 - gn,. This can be used to eliminate the g: term above, and 
since the electroweak contributions are numerically small one can see the 
general behavior without them and then correct for them. This gives the 
basic equation 

d 
‘@dlnQ g3 4 1 In 2 +@-Wg: 

to solve. By inspection, if the right hand side vanishes then gt and gr will 
simply stay in a fixed ratio as 1nQ changes. Thus whatever value Mt starts 
with, its value at our scale is basically fixed (fixed-point solution of the first 
order differential equation) to be given by 

gf = 2Mt2/v2 = 3340)gJ2 

where g:/4n = o, = the observed QCD coupling. Putting in electroweak 
corrections and errors gives 

Ml ‘v 120 - 150 GeV, 

just in the range favored by the data. Hill and others have argued that 
subtleties of the analysis will increase this number, and that it is not quite 
so independent of the GUT one begins with as one would hope. However, 
a value in this range would encourage a belief that the SM will be tied to 
grand unification physics.‘50’ 
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(2) In 1983-1984 it was observed”“““““” that under certain conditions su- 
persymmetry grand unified theories could explain physically the Higgs mech- 
anism! The essential physics is simple. One writes the renormalization group 
equations for the change of Miiggs with scale, and observes that it has con- 
tributions of both signs. Qualitatively, 

dAfI&gs 
dlnQ N 

-A2M2 + B’s: 

where A2 and B2 are positive, gt = v%f,/,lv as above, and M is a mass 
parameter related to the electroweak masses. Since spontaneous symmetry 
breaking occurs when Mhiggs < 0, it will occur if gt behaves in a certain 
way, and that will happen if Mt is sufficiently large, larger than about 125 
GeV. The coefficients are determined by the particle content of the theory, 
and the effect is absent for non-supersymmetric theories. Thus an Mt in the 
favored region encourages the idea that a real physical explanation for the 
Higgs mechanism would exist. 

Recent studies I”’ indicate that considerable care is needed before claim- 
ing this works in practice. The one-loop corrections to the Higgs potential 
can be significant, and there can be major scale dependence. 

Of course, this view requires that supersymmetric partners and Higgs 
bosons be detected as well. But such an interpretation of the Higgs mecha- 
nism would not have been possible for a lighter top quark. 

(3) A very interesting approach to Ml is that of Barbieri and Hall”” (B&H). 
They suppose that Mt is large because of mixing with a fermion from a sector 
of particle physics at the TeV scale. The Yukawa couplings of the quarks and 
leptons could than be less different than the masses themselves, and perhaps 
easier to understand. 

However, it is not so simple to find natural-seeming models with fermions 
having same quantum numbers as the t-quark except for SU(2), so that when 
SU(2) is broken they will mix, and the mass eigenstate we call top will be 
heavy. B&H do so by adding a gauge boson that is a color triplet, W(2) 
singlet. Then its supersymmetric partner is the same as a top quark except 
for SU(2). The resulting model turns out to have some problems, but is 
interesting to study. Simpler models can be written to mix bquarks with 
heavier particles and reinterpret A& and the CKM angles, particularly since 
Es representations have an SU(2) singlet b-type fermion, but that does not 
help to understand Mt. It would be good if a new kind of model could be 
found here. 

The B&H model should be viewed, as they say, as an existence proof of 
a theory where the top quark is heavy even though it does not have a large 
Yukawa coupling. The model does have some problems, but it is clever and 
provocative. It only makes sense if new physics does exist at the TeV scale, 
i.e., there is not a desert between the electroweak scale and the GUT scale. 

One characteristic prediction of such approaches is flavor-changing neu- 
tral currents, since the GIM mechanism is not operating. Decays such as 
t + c + X, X = y,g,Z”,Ho all occur at “tree level” (it is not really tree 
level since there is a mixing present). These provide an example of the 
new physics decays discussed in our section above. If t + cH”, Ho -+ bb 
were the dominant decay, then there would be about 300 six-jet events of 
ti -+ cEH”Ho -+ ccbbbb in the existing CDF data for hf, = 70 GeV, izI~. = 50 
GeV; the fact two bb pairs have the same mass would be helpful in the sig- 
nature. 

(4) In the early 1980’s, Veltman”” suggested that perhaps gauge theories 
should be constructed to be free of quadratic divergences at the one loop 
level (which was all that could be examined then for technical reasons). In 
the SM that leads to the condition 

M,2 = ;Mi + sM& + ;M& tan2 Bw. 

For MH = Mz, this gives hft = 87 GeV, and obviously for larger hl~, 
hfi increases. One cannot of course judge the correctness of a value for Mt 
here unless hl~ is known. If this were consistent with experiment it would 
be an interesting point of view. 

Recently, Jack and Jones I4 have examined this view more closely. There 
is also a two-loop condition. Is it the same as the one-loop one? They exam- 
ined the situation for classes of theories. For supersymmetry the conditions 
are different from the SM, being satisfied at each order by cancellations 
among particles and their superpartners. They could not find any other 
interesting theory for which the one and two-loop conditions were both sat- 
isfied. In particular, for the minimal SM the one-loop and the two-loop 
equations give two equations for the two masses Mt, MB; unfortunately the 
two equations have no solution (and such different trajectories in the &It, 
MH plane that one is clearly not missing a solution in a slightly extended 
theory). 

Apparently this point of view is not turning out to be fruitful. It is being 
pursued further by the authors of ref. 58, 59 to see if interesting theories can 
be found that automatically satisfy higher loop conditions once they satisfy 
the one-loop condition. 
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(5) Recently several authors p”‘sl’sa’srl have speculated that the large value of 
M< may cause, or be a manifestation of, a dynamical breaking of the elec- 
troweak symmetry. The mechanism involved would be some as-yet-unknown 
dynamics that would lead to a non-zero vacuum expectation value for tf. 

*These speculations are motivated by having Mt be large, so the top Yukawa 
coupling is larger than the gauge coupling gz, and of order unity. 

One attractive feature of these approaches is that MI is calculable. No 
fundamental Higgs boson occurs in these approaches, but a composite scalar 
arises that behaves like a Higgs boson. Its mass is also calculable. However, 
the calculated values of Mt, MH depend significantly on an assumed scale 
for new physics. In order to get values of MI small enough to be (barely) 
consistent with radiative corrections these approaches probably require a 
desert between the weak scale and the GUT scale, though if there is new 
physics at an intermediate scale it could conspire to raise Mt and cancel its 
effects in the radiative corrections. If there is a desert, then studying the top 
and Higgs properties would be the only source of new physics information 
accessible at high energy colliders. 

In the desert scenarios the value of Mt comes out to be 

MI - 225 GeV. 

This is essentially the minimum value that can emerge from these approaches 
in their minimal form, but other new physics on the weak scale such as a 
fourth family could allow smaller values. 

The scalar boson mass that emerges is MH = 2Mt in the simplest version 
of the theory, but the renormalization group constraints reduce MH so that a 
value of MH N 250 GeV corresponds to a value of M, w 225 GeV. Basically, 
the numbers emerge from the infrared fixed points of the renormalization 
group equations, interpreted form the point of view of ref. 49 rather than 

- ref. 48. These models give a prediction for Mt, MH because the assumptions 
force them into the region of the cusp in the A4t, MH plane of reference 15. In 
principle the “H&s”-fermion couplings would be different in this composite 
case when integrated up to the unification scale from these of a fundamental 
Higgs boson. 

To make progress these approaches probably have to gain some insight 
into the origins of the hypothetical dynamical mechanisms, and into how 
other fermions might get mass. If M, is in the 120-150 GeV region people 
may lose interest in these approaches, while if MI > 200 GeV there will 
surely be more serious thinking about these approaches. 

IS t 4 Wb A BACKGROUND FOR STUDYING TEV W W  INTERAC- 
TIONS? 

Longitudinal W  bosons arise from the Higgs mechanism or some equiva- 
lent physics. It may be essential to study their interactions in the TeV region 
in order to untangle the physics involved in the Higgs mechanism, and even 
if other discoveries (such as a Higgs boson) help, we will never be sure we 
understand the underlying processes until the TeV interactions have been 
studied. [Since one can Lorentz-transform any single W  to rest and rotate 
longitudinal H transverse, the symmetries of the theory guarantee that one 
cannot learn about the Higgs mechanism by studying single W ’s. Further 
threshold symmetries force any effects large enough to be observable into the 
TeV region, & > Mw.] 

Since production of tf gives W W  + soft b’s once Mt > Mw + Mt,, peo- 
ple have been concerned that this background can obscure a signal from 
real longitudinal W ’s. The W ’s from t decay are increasingly longitudinally 
polarized, as discussed earlier in these notes, so it is a serious possibility. 

Fortunately, the result of analyses is that tt is not a problem so long as 
one is in the TeV W W  region. Yuan and collaborators ““w have shown that 
both for tt + WWbb and for Wtb -+ WWb6 it is possible to isolate a real 
W W  interaction from these backgrounds. 

Physically their results are understandable once one thinks about the 
characteristics of the events. There are basically three large effects, plus a 
number of smaller ones. The large effects are 

(1) For the signal the W ’s will have a large transverse momentum, J’y >350 
GeV, in order for Mww 2 1 TeV. But the background ti typically have 
Pi - M*, so PT” _ iM* < 350 GeV. Thus if one insists that all W  
candidates have PF > 350 GeV if W  -B jj, and Ps* > 100 GeV if 
W  + I%, then very few of them will be W ’s from tf. 

(2) To get Mww 2 1 TeV for W ’s from top decay, the tops must be very 
energetic, so the b and the W  are nearby. Then the e* from the trigger 
W  is not very isolated from the b jet, so it is easy to remove such events 
with an isolation cut on the trigger lepton. 

(3) The background gg + tf has a large hadronic multiplicity, while the 
signal has a small hadronic multiplicity. “s’s’1 A simple analysis suggests 
the average multiplicities for TeV region events should differ by about 
a factor of three. Even though there is a large multiplicity spread, this 
should be a powerful way to reject background. 

It is important to emphasize that the above procedure can be done in 
such a way I”’ that is does not bias the W  polarization analysis, which is very 
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important since ultimately it is the rate and characteristics of longitudinal 
H’H’ events that we need data about. 

FINAL COMMENTS 

If the t-quark is a SM particle in its properties, then Mt - 140 GeV (*:’ 
about 30 GeV) and it should be found at FNAL in the next few years. If 
not, either because it is too heavy or because it decays very differently, it 
may not be found for over a decade. 

If top is found at FNAL and has the expected decays, one of our best 
opportunities for experimental hints of where to search for the physics that 
provides the foundations of the SM will have been thwarted. On the other 
hand, once Mt is known, and rare decays are not observed, many predictions 
for other experiments.will become much more precise, and many new physics 
ideas will be constrained. Further SM tests will be possible. 

If Aft is above about 120 GeV, opportunities exist to relate it to the 
origins of the electroweak symmetry breaking and/or grand unified theories. 
These will be very active areas of theoretical research. 

ACKNOWLEDGEMENTS 

I appreciate the usual kind hospitality of the SLAC Summer Institute, 
particularly of Nina Stolar. I am grateful for conversations with a number 
of colleagues on these subjects, particularly at the Santa Barbara Institute 
of Theoretical Physics Top Quark Workshop and with C.-P. Yuan and M. 
Peskin. 

REFERENCES 

1. See for example, CDF Collaboration, “Search for the Top Quark”, M. 
Contreras, Xth International Conference on Physics in Collision, Duke 
University, June, 1990. 

2. Sandip Pakvasa, D.P. Roy, and S. Urns Sankar, preprint UH-511.654- 
90, TIFT/TH/SO-11, March 1990. 

3. AMY Collaboration, KEK preprint 8938, AMY 89-04, July 1989; 
TASS0 Collaboration, DESY 90-047, May 1990; JADE Collaboration, 
DESY 89-127, Oct. 1989; CELLO Collaboration, DESY 89-125, Oct. 
1989. 

4. V. Barger and S. Pakvasa, Phys. Lett. 8lB (1979) 195. 

5. G.L. Kane and M. Peskin, Nucl. Phys. El% (1982) 29. 

6. CLEO Collaboration, Phys. Rev. m (1987) 3733. 

7. M. Veltman, Nucl. Phys. u (1977) 89. 

8. U. Amaldi et al., Phys. Rev. m (1987) 1385; G. Costa et al., Nucl 
Phys. m (1988) 244. 

9. P. Langacker, Phys. Rev. Lett M (1989) 1920; J. Ellis and G. Fogli, 
Phys. Lett. m (1989) 139; V. Barger, J.L. Hewett, and T. Rizzo, 
MAD/PH/564, April 1990. 

10. D. Ross and M. Veltman, Nucl. Phys. m (1975) 135. 

11. For more details on triplet Higgs effects on p, see P. Langacker, Univ. 
Penn. preprint UPR-0435T, Aug. 1990. 

12. For a study of how the upper limit on Mt increases in models with 
two Higgs doublets, see A. Denner, R.J. Guth, and J.H. Kuhn, MPI- 
PAE/PTh 77189. The region of parameters where the upper limit 
on &f( increases noticeably are not those typical of supersymmetric 
models. 

13. A. Bilal, John Ellis, and G.L. Fogli, CERN-TH-5749/90. 

14. J. Pumplin, Phys. Rev. Lett. u (1990) 2751. 

15. The first explicit calculation was N. Cabibbo, L. Maiani, G. Parisi, and 
R. Retronzio, Nucl. Phys. El.58 (1979) 295. and see W. Buchmuller 
and C. Busch, to be published in Nucl. Phys. for a recent treatment 
of this, and references to earlier work. 

16. M. Sher, Phys. Rep. J&79 (1989) 273. 

17. Greg W. Anderson, Phys. Lett. m (90) 265. 

18. F. Gilman and R. Kauffman, Phys. Rev. D3Z (1988) 2676. 

-140- 



19. G.L. Kane, J. Pumplin, and W. Repko, Phys. Rev. Lett. 41 (1978) 
1689. 

20. G.L. Kane, G.A. Ladinsky, and C.-P. Yuan, in preparation. 

el. M. Jezabek, and J.H. Kiihn, Nucl. Phys. m (1989) 1. 

22. J. Liu and York-Peng Yao, preprints UM-TH-90-09, 11. 

23. S. Dawson, K. Ellis, and P. Nason, Nucl. Phys. m (89) 49; Errata 
E3X (90)260. 

24. S. Abachi et al., “Physics at Fermilab in the 1990’s”, Breckenridge, 
CO, Aug. 1990. 

25. V. Barger and R.J.N. Phillips, Phys. Lett. B14;1 (1984) 259. 

26. A. Dobado and Maria J. Herrero, Phys. Lett. B2Q;1 (1988) 167; F. 
Gilman and R. Kauffman, Phys. Rev. m (1988) 2676. 

27. A.D. Martin, W.J. Stirling, and R.G. Roberts, Phys. Lett. 2azB 
(1988) 205. 

28. D. Denegri and C. Stubenrauch, CERN-EP/90-28. 

29. G.L. Kane, Lectures at the 1986 SLAC Summer Institute, ed. Martha 
Zipf. 

30. J. Ellis and S. Rudaz, Phys. Lett. 128B (1983) 248; 1.1. Bigi and S. 
Rudaz, Phys. Lett. ~ (1985) 335. 

31. G. Altarelli, R. Barbieri, Ridolfi, and F. Zwirner, to be published. 

32. Jean-Francois Grivaz, “On the Scalar Quark and Top Quark hlass Lim- 
its in the Case of a Light Stop”, preprint LAL87-41, unpublished. 

33. DELPHI Collaboration, “Search for Scalar Quarks in Z” Decay”, CERN- 
EP/90-79; MARK11 Collaboration, T. Barklow et al., SLAC-PUB- 
5196. 

34. Ken-Ichi Hikasa and Makoto Kobayashi, Phys. Rev. m (1987) 724. 

35. G.L. Kane, Proceedings of the Madison Workshop, “Could Higgs Bosons 
Be Found Before LEP”, 1979. If earler references exist I am not aware 
of them. 

36. ALEPH Collaboration, D. Decamp et al., CERN-EP/90-34. 

37. J. Gunion, H. Haber, G.L. Kane, and S. Dawson, “The Higgs Hunters 
Guide”, Addison-Wesley, 1990. 

38. J. Gunion, G.L. Kane, and J. Wudka, Nucl. Phys. m (1988) 231. 

39. J.L. Diaz-Cruz, R. Martinez, M.A. Perez, and A. Rosado, Phys. Rev. 
I241 (1990) 891. 

40. J. Liu, “How to Study Heavy Top Flavor-Changing Decays Analyti- 
tally”, UM-TH-90-00. 

41. M. Strassler and M. Peskin, SLAC-PUB-5308, Sept. 1990. 

42. M. Peskin, Lectures at the 1989 SLAC Summer Institute, ed. Eileen 
Brennan. 

43. W.G.D. Dharmaratna and Gary R. Goldstein, Phys. Rev. D, IL41 
(1990) 1731. 

44. For a recent discussion of some of these, see C. Dib, “Rare h’ Decays 
in the Case of a Heavy Top Quark”, SLAC-364. 

45. J. Flynn and L. Randall, Phys. Lett. m (1989) 221. 

46. C.S. Kim, J. Rosner, C.-P. Yuan, Phys. Rev. R&2 (1990) 96. 

47. For a recent study of e and QCD corrections to B" -go mixing see A. 
Bums, M. Jasmin, and P. Weisz, MPI-PAE/PTh 20/90. 

48. B. Pendleton and G.G. Ross, Phys. Lett. %?B (1981) 291. 

49. Christopher T. Hill, Phys. Rev. m (1981) 691. 

50. For recent examples of fixed point solutions starting from string moti- 
vated GUTS, see G.K. Leontaris, J. Rizos, and K. Tamvakis, preprint 
IOA-236, Nov. 1989; and J. Lopez and D.V. Nanopoulos, Texas A&M 
preprint, Oct. 1989. 

51. L. Ibanez and C. Lopez, Phys. Lett. l.2fiE (1983) 54. 

52. K. Inoue, A. Kakuto, and S. Takeshita, Prog. Theor. Phys. II (1984) 
348. 

53. J. Ellis, J.S. Hagelin, D.V. Nanopoulos, and K. Tamvakis, Phys. Lett. 
m (1983) 275. 

54. L. Alvarez-Gaume, J. Polchinski, and M. Wise, Nucl. Phys. EZZl 
91983) 495. 

55. For a more careful, recent study see G. Gamberini, .G. Ridolfi, F. 
Zwimer, Nucl. Phys. m (1990) 331. 

56. R. Barbieri and L.J. Hall, Nucl. Phys. m (1989) 1. 

57. M. Veltman, Acta. Phys. Pal. El2 (1981) 437. 

58. I. Jack and D.R.T. Jones, Nucl. Phys. u (1990) 127. 

59. M. Ruiz-Alt,aha, B. Gonzalez, and M. Vargas, CERN-TH.5558/89. 

60. Y. Nambu, Enrico Fermi Institute report, 1989 (unpublished). 

61. W. Bardeen, C. Hill, and M. Lindner, Phys. Rev. I141 (1990) 1647. 

-141- 



62. V. Miransky, M. Tanabashi, & K. Yamawaki, Phys. Lett. IX&Q (1989) 
117. 

63. W. Marciano, Phys. Rev. L&t. fQ (1989) 2793. 

64. R. P. Kauffman and C.-P. Yuan, Phys. Rev. m (1990) 956. 

65. G.A. Ladinsky and C.-P. Yuan, preprint ANL-HEP-PR-90-60. 

66. G.L. Kane and C.-P. Yuan, Phys. Rev. m (1989) 2231. 

67. J.F. Gunion, G.L. Kane, H.F.W. Sadrozinski, A. Seiden, A.J. Wein- 
stein, and C.-P. Yuan, Phys. Rev. ~ (1989) 2223. 

-142- 



THE NEXT LINEAR COLLIDER.* 

. 
1. Iutmtluctiori 

Thcrc is now broad agrcomc~t in the high rnergy physics community that 

to continue exploring 1.11~ cnrrgy fro1lt.kr in P+C- interactions, WC will have to 
abandon circular colliders and adopt, linear collidrrs. This realization has led 

to act.ivc research throrlghollt. 1.11~ world towards the next generation of linear 
colliders. The past few years have WCH great strides in our understanding of both 
the acc&rat,or physics and the, tc*chnology of linear rollidrrs. We arr now at 
the point. where WC can discuss in Fair tlrt.ail the drsign of such a “Next, Linvar 
Collider,” or NLC. 1-5 

Thv two key dcsigrl parametrrs of thr NLC arc its energy and luminosity. A 
broad consensus has cmc~rgctl over t hc past, co~~plr of yrars that the vnrargy should 

be 0.5 Tc-V (total clrct.ron pills posii ran energy), npgradahk to at least 1 .O TrV. 
One rcrrson for this <hoicy of vnvrgy rnrlgv is t,hc great pot.mt.ial of such a collider 
for significant high-cnprgy physics rrscar& in t.hr rra of the SSC. Anot,hrr is that 

this energy range is a natural next step; it, is a factor of 5 to IO beyond that of the 
prcscnt Stanford I,inc-ar Collider (SI,(:). I n ordrr to ohtkin a sufficient event rate 
I.0 pcrforrn drtailcd mrasurcmcllts. t.hv luminosity of the collidrr shorlld increase 
with thr square of its rnrrgy. For an NIX in the TeV t’nergy rnngc, a luminosit,y 
of 10”” - 1034 cm-% -’ is rczclttirf-d. 

A factor of 5-10 rnrrgy incrrasc- can be obt.ainrd in two ways: by incrcas- 
ing thp collider length to IO 20 t.imc,s that. of thr SIX (3 km), or by raising its 
accelcrat.ing Md I.0 5 IO t.in1c.s t.hr SI,(: gradirut, (20 MV/m). The present COT)- 

senses is t,hat wc stiollld first incrcilsc t.llr aru4crating firlcl by about a fact.or of 
t.hrrc to five--up to about 50 tolO RlV/In. To limit. t Ire RF power required, this 
lirld should hr ptmvidrd by strlIct.llrc>s similar to those ~~sctl in t.hc SLC but. at a 

higher RF frrclurncy of IO -30 Glfz. At. Sl,AC, tl,r frrqurnry choice for the NLC 
is 11.4 GHz, or follr times the prcsvnt SI,(‘ frcqurncy. Of course, t hr ultimate 
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tradeoff between length and accelerating field is governed by the overall cost and 
the upgradeability. A broad optimum occurs at the point where the linear costs 

(accelerating structure, magnets, tunnel, etc.) equal the cost of the RF power 

source. 

The choice of luminosity range also greatly influences the design of thv Iill- 

ear collider. In principle, one could incrcas:(a the luminosity simply by raising 

the repetition rate of the accelerator, but the wall-plug power increases ill direct 
proportion. In a reasonable design, the wall-plug power should fall in the range 
100-200 MW. Given this constraint, the best way to increase the luminosity is to 

shrink the beam size at the interaction point (IP). In addition, the beam cross 
section must be kept flat at the IP in order to minimize the amount of “beam 
strahlung” radiation emitted as energetic electrons or positrons interact with the 

electromagnetic field of the opposing bunch. 

The luminosity can be further enhanced by accelerating several bunches on 
each machine cycle. A single bunch of particles can, in practice, extract only a 

few percent of the energy available in the accelerating structure. With additional 
bunches, we get both greater luminosity and higher efficiency of energy transfer 
to the beam. The number of particles in each bunch, another factor that directly 
affects the luminosity, is limited by the RF energy that can be stored in the 

accelerating structure and by the amount of bramstrahluug radiation that call bts 

tolerated. The obvious solution is to generate trains of successive bunches, each 
with a fairly moderate number of particles. 

Given these goals and constraints, we can now sketch a rough design of a 

linear collider able to achieve both the desired energy and luminosity. A possibhi 
layout is shown in Fig. 1. There are two complete linear accelerators, one for 
electrons and the other for positrons. Each linac is supplied with particle beams 
by a damping ring followed by a preacceleration section consist,ing of two bunch 

compressors and a 16 GeV linac. After pa.ssing through the main linacs arld fillal 
focus system, the beams collide at a small crossing angle inside a large particle 
detector like the SLD. 

To illustrate the basic features of the NLC operation, let’s follow some electron 
bunches through the collider. A sequence of 10 bunches or so is created at the 
source and accelerated up to about I .8 GcV in a preaccrlerator. This “batch” of 

bunches is then injected into a damping ring that serves to reduce the transverse 
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and Iongitudinal phase space occupied by the electrons in each bunch. At the 
proper moment, these bunches are extracted from the ring and then compressed 
along their direction of motion by a bunch compressor, after which they are accel- 

erated up to about 16 GeV and compressed a second time just prior to injection 
into the main, high-gradient, linac. The entire batch is carefully steered and fo- 
cu’sed as the electrons are accelerated up to full energy in the linac. Precision 

magnets in the final focus system squeeze the bunches down by about a factor of 
300 just before they collide at the IP with similar bunches of positrons. Except 
for the fact that they were created differently, from the shower of particles that 
occurs when a bunch of electrons hits a metal target, these high-energy positron 
bunches have followed a similar evolution. After the beams collide, their debris is 
channeled out of the detector area and into shielded dumps. 

1.1 NLC PARAMETER OPTIONS 

The parameters for an NLC are not definite yet; however, over the past few 
years we have narrowed down the range of possibilities considerably. At SLAC, 
we have recently reviewed several options for an NLC which has an initial energy 
of 0.5 TeV in the CM and an upgraded energy of 1.0-1.5 TeV. Table 1 lists three 
parameter options: the first two columns are for 0.5 TeV in the CM, while the 

final column is for 1.0 TeV. In Option 1, a short linear collider is constructed with 

the full acceleration gradient of 100 MV/m. This can be upgraded to Option 3 

by doubling the length of the linac while keeping the injection system fixed. In 
Option 2, a long linear collider is constructed with a reduced acceleration gradient 

of 50 MV/m. This can be upgraded to Option 3 by the addition of power sources 

to the linac. In both upgrade paths, the final focus must be modified somewhat. 

Option 1 is quite short and may be less expensive than Option 2, but we are 

required to face all the problems of the high a.cceleration gradient and the required 
high peak power RF sources. In Oprion 2, WC relax the requirements for RF power 

by a factor of four and begin with a reduced acceleration gradient. The price is 
an initially longer accelerator with the increased conventional construction. 

We have found in the design process that it is very important to realize that 

the intensity and emittance at the final focus are quite different than those in the 
damping ring. To model this, the int,ensity has been allowed to decrease as shown 
in Table 1. In addition, the emittance at the 6nal focus is assumed to be diluted 

Table 1. NLC Parameter Options. 

Option 1 2 3 

Energy $ + ) TeV i + f TeV 3 + 3 TeV 

Luminositv 2 x 1033 2 x 1033 1 x 1034 

Linac Length I 7 km 1 14 km 1 14 km 

Accel. Gradient 100 MV/m 50 MV/m 100 MV/m 

RF Frequency 11.4 GHz 11.4 GHz 11.4 GHz 

& Particles/bunch:DR 2 x 10” 1 x 10’0 2 x 10’0 

Linacl 1.8 x 10” I 9 x 10’ I 1.8 x 10” 

FF 1.5 x 10” 7 x 10’ 1.5 x 10’0 

S Bunches. nr 10 10 10 

Repetition Freq. 1 120 Hz 1 180 Hz 1 180 Hz 

by about 65%. 

To discuss the NLC in more detail, we divide the problem into the two primary 
parameters: the energy and the luminosity. In the next section we discuss how to 

obtain the energy in an NLC. 

2. The Energy 

As discussed in the Introduction, the energy of the linear collider is obtained 

through a combination of length and acceleration gradient, 

E=&*L ( (1) 

where &= is the acceleration gradient and L is the length of the linac. This re- 
lation is over-simplified, for reasons which we discuss later, in that the average 
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acceleration grad&t may dilft*r front the prak and tl~ leugt h nlay include bpac~ 
for focusing magnets, etc. 

The acceleration is obtained with the USC of radio frequency (RF) structurrs 
as shown in Fig. 2. The structure show11 is a travelling wave structurtz. It is 
basically a long copper cylinder periodically interrupted by disks with holes along 

. 
the center line. Every so often (every 1.5 m  or so), the structure is interrupted by 

a feed for fresh RF power and a load to remove the depleted upstream power. 

II I II II!! IIll 1 . \ 
Load 

12-90 
6793A2 

Fig. 2. Diagram of a travclling wave RF structure. 

The RF power is provided by the RF source and is transported to the accel- 
erating structure in a copper wavcaguide. The structure is designed as a travelling 
wave structure and, as such, has a characteristic phase velocity and group velocity. 

The phase velocity is designed to t,r t hc spud of light. In this way, if a relativistic 
electron enters the structure at the correct phase for accclel-ation, thrll it will be 

continually accelerated as it traverses the entire structure. The group velocity zsg 

is the rate at which the structure is filled with energy; it is the velocity of the 
envelope of the RF pulse as it traversrs ttle travelting wave structure. If L, is ttlr 

length of the structure, then the time to fill the structure Tj is givrn I, 

For cases of interest, the group vcloclty is sollle\vhat less than oue tenth of tllc. 

velocity of tight 

2.1 THE EXTRACTION OF ENERGY 

The energy gaiu of a test particle at the head of a bunch traversing a structure 
of length L, is 

AE = EzL,cosi) , (3) 

where 9 is the phase on the RF wave. The trailing particles see not only the field 

supplied by external sources, but also the field induced by the bunch itself, the lon- 
gitudinal wakefield. The bunch charge induces fields in all the synchronous modes 
of oscillation of the accelerating structure. The field induced in the fundamental 
accelerating mode is 

E wale = -2k q cos(w2/c)e-Az ) (4) 

where k  is called the loss parameter, 4 is the charge in a bunch which is short 
compared to the wavelength of the RI:, w is the RF frequency, z  is the distance 
behind the point-like bunch, and X is the decay constant due to losses in the 

structure walls. The wakefield ahead of a speed-of-light bunch vanishes due to 
causality. The total wakefield induced consists of a sum over all the synchronous 
modes of the structure; the dominant term is given in Eq. (4). 

This field induced by the particle buuch causes problems which must be dealt 

with. The particles at the head of the bunch feel the full acceleration, while those 
at the tail feel an accelerating field reduced by 2kq. If the particles are being 

accelerated on the crest of the RF, this causes a reduction of the average energy 

gained by the bunch, and it also causes au energy spread: 

These effects are due to the extractiou of cncrgy from the RF wave. The field 
induced by the bunch educes the electric field in the structure an amount which 
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corresponds to the energy extracted by the bunch of particles. The fraction of 
energy extracted from a full structure by a bunch at the crest of the RF is 

. 
,!k! 

r: 
for small 7)o 

(6) 

The reduction of the average value of the energy gain can be compensated 

either by increasing the accelerating field &* or by adding more accelerator sections 
to make up the lost energy. The spread of energy in a bunch can be compensated 
for by shifting the phase of the bunch on the RF wave. In this way, with very 

little loss of acceleration, it is possible to obtain a slope sufficient to cancel the 
variation induced by the bunch wakefield. For a uniform particle distribution with 
a full width A’p, the phase offset is 

2kq 
sin+90 = z 

Provided that the phase offset. is small, this compensation technique works 

well. In order to achieve a small phase offset, the bunch can be lengthened or the 
intensity reduced. With very long bunches, the curvature of the RF must be taken 

into account and can, in fact, be us4 to provide compensation of the nonlinear 
variation of energy along the bunch. With short bunches, only the linear variation 
can be cancelled, which leaves a residual nonlinear energy variation. This residual 

must be kept smaller than the energy acceptance of the fmal focus system. 

2.2 MULTI-BIJNCII ENERGY COMPENSATION’ 

In the Introduction, we discussed the acceleration of a short train of bunches in 

order to improve the luminosity by extracting more energy from the RF structure. 

From the analysis of the previous section, t,he second bunch must have an energy 
which is lower by 

A& = -2kqI,,, . (8) 

Once again, this is simply due t.o thr ext.raction of energy from the RF wave where W, is the strength of a particular mode, ; is the distance behind a short 

This problem can be solved by changing the effective structure length for 
the two bunches. If the structure is partially filled when the first bunch passes 
through, and if the additional energy entering the structure prior to the p-sage 

of the second bunch matches the energy extracted by the first bunch, then the 
second bunch will have the same energy as the first. This is illustrated in Fig. 3; 
the cross-hatched areas of the external field and wakefield must match in order 

to compensate the energy difference. This technique is used at the SLC to adjust 
the relative energy of the positrons and electrons. 

(4 

Ewake 

S 

I 

12-90 6793A3 

Fig. 3. The electric field profile in the structure (a) just before 
passage of bunch one and (b) just before passage of bunch two. 

2.3 MULTIBUNCH BEAM BREAKUP 

Let us assume that we can match the energy of a short train of bunches as 

described in the previous section. There are still other problems caused by the 

wakefield induced by a bunch of particles. If the bunch is offset in the structure, 
then it induces a deflecting force behind it which is proportional to the offset of 

the bunch. This transverse wakefield is similar in form to the longitudinal and 

consists of the sum of many modes which cause deflection. 

Wl(z) = C W,sin(w,z/c)e-‘“’ , (9) 
” 

-147- 



I 

bunch, w, is the is the mode frequency and X, is the decay constant for mode 
n. The transverse wakefield differs from the longitudinal in that the transverse is 
sine-like while the longitudinal is cosine-like. 

The transverse wakefield can cause an instability known as beam breakup.“’ 
It is caused by the combination of the coupling from bunch to bunch and also by 
a Resonance effect. To see this, consider just two bunches. If these two are offset 

coming into the structure, the magnet focusing causes them to oscillate with a 
wavelength 2*/Y. The first bunch oscillates freely down the linac according to 

(10) 

The second bunch is also focused but, in addition, is deflected by the leading 
bunch’s wakefield 

d%? 12 
T+‘= 

8- 

Ne’W*(I) 21 
E ’ 

where N is the number of particles in bunch one and E is the energy of the bunches. 
The deflecting force is proportional to the position of bunch one. Because bunch 
one oscillates in the focusing system, the force on the right hand side of Eq. (11) 
oscillates and bunch two is driven at resonance. Therefore, the amplitude of the 
second bunch grows linearly down the accelerator. 

The effect is similar for many bunches: bunch three is driven on resonance by 

bunch one and bunch two and so on. The result is that the bunches at the end of 
the train can reach large amplitudes unless something is done to ameliorate the 

problem. The solution is to eliminate, to the extent possible, the force coupling 
the bunches together. This can be done by a special design of the RF structure 
and is the subject of the next section. 

2.4 ACCELERATING STRUCTUKES 

As discussed earlier, the job of the RF structure is to accelerate the beam. 
As such, it is usually optimized to provide the greatest acceleration for the lowest 
RF power. In addition, the design can have a large impact on the stability of a 
single bunch (to be discussed in Section 3.6.2) and on the stability of a train of 
bunches. To assure the stability of a train of bunches, we would like to reduce the 
deflecting field induced by a bunch as much as possible before the passage of the 

next bunch. 

This can be accomplished in two ways (see Fig. 4). In the first method, shown 

in Fig. 4(a), the cavity design is altered so that the deflecting fields are strongly 

coupled to external waveguides. After a bunch passage, the fields in the cavity 
die out quickly as they are propagated out the waveguide into a matched load. 
The design shown in Fig. 4(a) shows radial waveguides coupled via slots cut in 
the irises of the accelerator! 

The second technique, shown in Fig. 4(b) re ies on the cancellation of the 1. 
deflections from cell to cell. If the cells in a single short structure are designed 
so that the deflecting modes oscillate at different frequencies, then the average 

deflection over the structure effectively damps due to the decoherence of the var- 
ious cell wakefields. The initial decoherence time is just the inverse of the spread 
in frequency. This technique is illustrated in Fig. 4(b), where the change in fre- 
quency is accomplished with three radial slots of varying depth cut into the irises 
of the structure. 

Damped structures similar to that shown in Fig. 4(a) have been constructed 

at SLAC and have achieved a quality factor Q  - 8 for the dominant higher-order 

“J mode. This damping is completely sufficient to eliminate the beam breakup 
discussed in the previous section:” 

The second technique of detuning is an alternative, and possibly simpler, 

technique which is presently under investigation at SLAC. 
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Fig. 4. Two methods of wakcfirld damping: (a) radial waveguides 
transmit the energy out of the structure; (h) variation of cell con- 
struction causes decoherence and effective damping. 

(a) RF Pulse Compression 

Klystron Compress 
---I----L- Jl 

Modulator RF RF 
Pulse 

2.5 RF POWER SOURCES (b) Magnetic Compression 

To achieve the desired acceleration gradient for the Next Linear Collider, RF 

power sources must be provided which give the required peak power and pulse 
length at the desired frequency. In the designs in Table 1 we find acceleration 
gradients of 50-100 MV/m at an RF frequency of 11.4 GHz. To achieve the larger 
gradient, it is necessary to provide about 350 MW of peak RF power in a pulse 

of about 100 ns in length to be fed into’s structure about 1.5 m in length. 

In the SLC, the a.cceleration is accomplished with 2.8 GHz accelerating struc- 

tures 3 m in length. Each of these is fed by a 40 MW pulse about 1 ~1s long 

which yields an acceleration gradient of about 20 MV/m. In order to increase the 
acceleration gradient in such a structure t.o 100 MV/m, it would be necessary to 
increase the RF peak power and thr stored energy by a factor of 25. 

At the higher frequency of 11.4 GHZ, the energy density must once again 
increase by a factor of 25; however, the cross-sectional area drops by a factor of 
l/16. Thus, the energy per unit length in the RF structure only changes by a 
factor of two, provided the higher frequency is utilized. Although the energy is 
changed very little, the structure of the RF pulse is very different from that at the 
SLC. The necessary RF pulses are higher in peak power, but shorter in duration 

and feed a shorter accelerator structure. The primary challenge for the RF power 
system is to provide a source with the characteristics described above. 

There are basically two approaches to this problem as outlined in Fig. 5. 
The first approach, shown in Fig. 5(a), uses RF pulse compression. With this 
technique, a modulated power pulse of - 1 ~LS is provided by a conventional 
pulsed power transformer, a modulator. This pulse is converted to an RF pulse 

of the same duration by some device such as a klystron. After the RF is created, 

it can be compressed by RF pulse compression to the desired pulse length with a 

correspondingly higher peak power. 

n 

Magnetic 
Compression 

--- 
Modulator 

Pulse 
RF 

Fig. 5. Two methods of producing short high peak power RF pulst=s. 

The second technique, magnetic compression, begins with the same modulated 
power pulse and then compresses this pulse using a technique called magnetic 
pulse compression; the time structure is achieved before the creat,ion of RF. After 

this stage, RF can be created by a device such as a relativistic klystron or by an 
array of multiple power sources driven in parallel. This second technique has been 
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under experimental investigation by a collaboration of SLAC, LLNL, and LBL. 
The relativistic klystron achieved a power output of 330 M W  with a ‘20 ns pulsef’ 

This technique, however, is presently not considered a candidate for the power 

source due to inefficiency and cost. The remainder of this section is devoted to 
the first alternative. 

. 

2.5.1 The Hystron 

A block diagram of the RF power system with RF pulse compression is shown 
in Fig. 6. The modulator power supply is conventional and is similar in most 

respects to those used at SLAC for the SLC. Th erefore, we will begin the discussion 

with the klystron. 

Fig. 6. Block diagram of RF power system with RF pulse compression 

A schematic diagram of a klystron is shown in Fig. 7. Put very simply, a 

klystron is a narrow-band, high-gain radio frequency amplifier. To achieve this 

amplification, an electron beam is created by the voltage induced by the modulator 
across the cathode and anode. The electrons are accelerated to an energy of about 

400 KV with a current of about 500 A; they are transported down a narrow tube 
with a solenoid magnet providing the focusing. A small amount of RF power 

applied to the input cavity (5 1 kW) modulates the beam energy at the RF 
frequency. Due to the induced velocity difference, the faster electrons catch up to 

Solenoid 
Maanet RF In RF Out 

r 

Cavity 

Fig. 7. Schematic diagram of a klystron. 

those that were decelerated. This creates a small density modulation of the beam 
as it enters the first gain cavity. 

This cavity is resonantly excited by the RF electric field of the modulated 
beam to a field of approximately 10 times that in the input cavity. This field 
acting back on the beam provides much deeper bunching by the time the beam 

reaches the second gain cavity. This process continues until the final gain cavity, 
where the energy of the beam is modulated by as much as 30% of its value. This 

modulated beam bunches strongly in the final drift region, is further compressed 

by the penultimate cavity and then enters the output structure. This may be one 
or more standing wave cavities, or it may be a traveliing wave structure. The 

beam induces a field in the output structure; however, this structure is designed 

so that the phase of the RF field is such as to decelerate the sequence of bunches 
entering it. This deceleration extracts the RF energy in the bunches and transfers 
it to the cavity fields which are coupled to an external waveguide. The RF power 

flows out the waveguide and can be transported for further use. The beam is 
deposited in a water-cooled collector with approximately one half of its energy 
removed by this process. With the parameters given above, the klystron produces 

about 100 M W  of RF power. 

Klystrons similar in all respects to the one just described have been built at 
SLAC and have achieved 75 M W  in short pulses and 50 M W  in long pulses as 

of this writing? The design goal is to achieve a 100 MW klystron at 11.4 GHz 
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with a pulse length of about 1 ps. This pulse length is much too long t.o be used 
directly in the acceleration process; we need RF pulse compression. 

2.5.2 RF Pulse Compression 

The object of RF pulse compression is to convert a long RF pulse of moderate 
pow&r into a short RF pulse with high power. Ideally, a factor of five decrease in 

pulse length could yield a factor of five increase in peak power. Due to inefficien- 
cies, the factor is always somewhat less. The RF pulse compression system SLED 

(SLAC Energy Doubler) is presently used at SLAC to boost, the klystron power 
by about a factor of three before powering the SLAC linac. This syst,rm uses 

storage cavities to allow the RF to build up. A phase switch from the klystron 
effectively releases the energy. Unfortunately, this system gives a pulse shape 

which is sharply spiked due to the exponent,ial decay of the fields in the storage 
cavities. For an NLC it is useful to have a flat-top pulse to cont,rol multibunch 
energy spread. 

This flat-top pulse can be obtained by two different methods. The first 
method, called binary pulse compression (BPC), uses delay lines to delay the 
leading portion of an RF pulse so that it is coincidcnl. in time wit11 1.11~ trail- 

ing portion. This yields an RF pulse which is one half as long, but. wit,h nearly 
twice the power. This process can be repeated in a sequence to achieve more and 
more multiplication. Due to losses in components and waveguides. the method is 

limited to about three compressions. 

Figure 8 shows a schematic diagram of a two-stage BPC system which was 
constructed at SLAC. ‘(-I6 The 3db hybrid shown in Fig. 8 is a four-port device 
which combines two power inputs into one or another output port depending upon 

relative phase. In this way phase shifts can be used as high power RF switches. 

A three-stage system of analogous design has been constructed at SLAC and has 

achieved a multiplication factor of 5.5 while reducing the pulse length by a factor 
of eight:’ This system. together with two 100.MW klystrons, would produce RF 

power sufficient for a 5-m long accelerator with an acrrlerat,ion gradient of about 

100 MV/m. Iligh-power tests of t,his t,hree-stage system are continuing. 

One disadvantage of the BPC method of pulse compression is t.hat it usrs 
rather long d&y lines. The waveguides which are used havr a group velocity vrry 
close to the spcrd of light, and they are only used once as I r;lnslnissivC clc*lay lines. 

2 STAGE BEC SCHEMATIC 

u ml 

Fig. 8. Schematic diagram of a BPC system. 

This problem has led to the development of a new pulse compression scheme called 
SLED II.” The system as shown in Fig. 9 is similar to the SLED system at SLAC 
except that the cavities for storing the RF are repla.ced by resonant delay lines. 

Each of these delay lines has a round-trip delay time equal to the output pulse 

length. A resonant buildup of energy stored in the lines takes place during an 
input pulse length which is an integral number of delay periods, typically in the 
range of four to eight. A phase reversal of the input pulse effectively releases the 
stored energy to produce a flat-top output puIse during the final delay period. An 
example of a SLED II pulse compression by a factor of four is shown in Fig. 10. 

Measurements from a low-power SLED II system with a power gain of four have 
shown excellent agreement with theory. 

Resonant Delay Lines 

Accelerator 

Fig. 9. A block diagram of SLED II. 

Comparing SLED II wi1.h BPC, the amount of wavcguide delay lint t.o achieve 

a similar compression is rc~ducrtl by more t.han a factor of five. This is due to bhr 

reflective nature of t.he schcmc; the delay lines are used repeatedly as the RF wave 
builds up. In addition, this mrt,hotl can be st.agrd by placing thr SLED II systems 
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Fig. 10. SLED II pulse compression. 

in series to provide even larger compressions if necessary. A high-power SLED II 
pulse compression system will be constructed at SLAC in 1991 to investigate this 
promising technique further. 

3. The Luminosity 

In the first two sections, we discussed the basic layout and how to obtain the 

energy in a linear collider; in this section, we discuss how to obtain the luminosity. 
Although the luminosity depends upon beam properties at the interaction point, 
those properties depend upon beam dynamics throughout the entire linear collider; 
therefore, we must trace this influence throughout the collider. Before doing that, 
however, let’s examine the luminosity formula. Luminosity for a linear collider 

is the same as for a circular collider except that there is an additional term, an 

enhancement factor due to the mutual pinching of the beams. The luminosity is 

given by 

(12) 

where N* is the number of positrons/electrons per bunch, fiep is the repetition 
frequency, nb is the number of bunches accelerated on each cycle of the accelerator, 
HD is the pinch enhancement factor, and finally, (T, and or, are the rms beam size 
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of the gaussian spot at the interaction point. Each bunch is assumed to collide 

with only one other bunch in the opposing bunch train. 

The object is to increase the luminosity to 1033-1034 cm-2s-1, for the energy 
range $ to 1 TeV. To do that we must increase the numerator of Eq. (12) and 
decrease the denominator as much as possible. For the numerator, we have at our 

disposal the number of particles per bunch, the repetition rate, and the number 
of bunches on each cycle, but we must satisfy the constraint that the wail-plug 
power is in the range of 100-200 MW. For the denominator, we can decrease the 
cross-sectional area by decreasing oz and oy, but to do this we must keep the 

beam flat to control beamstrahlung. 

In the next few sections we discuss each term in the luminosity formula. The 

discussion of beam size is subdivided into several sections. In the next section we 

begin with the numerator of Eq. (12). 

3.1 INTENSITY AND REPETITION RATE 

First let’s discuss the single bunch intensity N* and the repetition rate frep. 
From conservation of energy, we must have 

eN&rnfrep = %JTbPwall 1 (13) 

where qrJ is the efficiency for converting wall-plug power to RF power, nb is the 
fraction of the energy extracted by a single bunch, and Pwall is the total wall-plug 

power supplied to the linacs. The wall-plug-to-RF efficiency, ‘),J, is abdut 20% 

for the projected RF system. This is a fairly realistic estimate including all of the 
factors in the power system which were discussed in the first section. There are 

new ideas which could raise this to perhaps 30-40%, however, with the system 
shown in Section 2.5, qr, is about 20%. 

For somewhat different reasons, the single-bunch extraction efficiency is lim- 
ited to about 2%. In Section 2.1, we discussed the single-bunch energy spread 

which is induced by longitudinal wakefields. Although the linear part can be 

compensated by shifting the RF phase to obtain a linear slope, the higher order 
effects are difficult to compensate. This limits single bunch energy extraction to 

a few percent. 
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For the purpose of this discussion, let’s select a wall-plug power of 150 M W  
for an EC,,, = 1 TeV. 

Because the required bunches have a very small transverse dimension, it is 

necessary to control their offset pulse-to-pulse with a fredback system. In order 
for this feedback system to work efficiently, the sample rate must be at least six 
t imes the rate at which the beam centroid is changing. Because ground motion is 

an important source of bunch motion, and because the spectrum drops off rapidly 
above 10 Hz, the repetition rate of the accelerator must be greater than 60 Hz. 
In order to have it sufficiently greater, we set the repetition frequency to 180 

Hz. It could be dropped as low as 120 Hz; however, 60 Hz is probably too low. 
Substituting the previous parameter values in Eq. (13), we find that the max imum 
number of particles per bunch is N+ = 2 x 10”. 

3.2 THE NUMBER OF BUNCHES 

As discussed in the Introduction, the designs for the NLC include the accel- 
eration of many bunches on each cycle of the collider. The purpose of this is, 
of course, to increase the luminosity linearly with increasing number of bunches. 
If there were no constraints, the largest luminosity would be obtained by plac- 
ing all the charge in the bunch train into one bunch because in this case there 
is quadratic gain with increasing intensity. As discussed in the previous section, 

the single bunch intensity is limited by the amount of energy it can extract while 
retaining a small relative energy spread. It turns out that this intensity is also 
consistent with transverse stability (Section 3.6.2) and with beam-beam effects 

(Section 3.7.1). Thus, the quadratic gain is stopped by these bounds; however, 

since there is about 98% of the energy left in the structure, it is possible to continue 

to gain linearly by increasing the number of bunches. 

A large number of bunches brings along a host of other complications. Some 
of these were discussed earlier. The bunches must be stable transversely which 
means that the strucf.urc rnllst be designed in a special way (Sections 2.3 and 2.4). 
The energy spread bunch-to-bunch must be controlled. Although t.he solution 

presented in Section 2.2 does keep the energy spread small, only about 20% of 

the energy can be extracted without introducing more complicated c~ompcnsation 

techniques. This 1imit.s th c  niimber of bunches to about 10; although the single 
bunch intcnsit.y can be traded off soinewhat with t,hr number of hunches. 

The RF pulse must be of rather high quality. Systematic phase and amplitude 
variations over the bunch train must be less than about 2% (such tolerances are 

not unrealistic with the power sources discussed). Because a significant fraction of 

the fields felt by the trailing bunches are due to the leading bunches, the intensity 
of the bunch train must be controlled with a precision less than 2%. The damping 

rings which produce these trains of bunches must be able to accelerate them 
without instability. If small position or energy changes occur, a compensation 
system must be developed to assure that the bunches enter the final focus system 
on the same trajectory and with the same energy. The final focus system must 
be designed so that the distant crossings of bunches do not disrupt the primary 
collisions at the interaction point. 

Although the addition of many bunches appears to be “freen in that we simply 
use energy that would normally be wasted, it introduces complexity into every 

subsystem of the entire collider. The benefit is an order of magnitude increase in 
the luminosity. 

3.3 THE BEAM SIZE 

The transverse size of a beam in an accelerator is determined by two basic 

parameters: the emittance c and the beta function b, 

U==& (14) 

The emittance is a parameter that is proportional to the area occupied by the 

beam distribution in transverse phase space (z,pZ). It is defined by 

tz =  -f_[< 2  >< pq >  - <  zp, ,214 ( 
PO 

(15) 

where z is the transverse position, pz is the corresponding transverse momentum, 

and ps is the central momentum of the bunch of particles. The angle brackets in 
Eq. (15) indicate an average over the distribution of particles in a bunch. Because 

the quantity in the square brackets is an adiabatic invariant (in the absence of 
synchrotron radiation), the cmittance decreases inversely with the momentum of 

the bunch in a linear accelerator. 
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The longitudinal emittance is defined in a similar way, 3.4 THE DAMPING RING”“’ 

cz = ‘[< z’ >< A$ > - < zAp >‘I; , 
PO 

wher: z is the longitudinal deviation from a central position within the bunch, 

and Ap is the deviation of the particle momentum from a central momentum. 
Once again, the quantity in the square brackets is an adiabatic invariant, which 
causes cZ to decrease inversely with the beam momentum in a linear accelerator. 
In the special case of a high-energy electron linac, the longitudinal distribution 

and the bunch length are fixed because the particles all travel at essentially the 
speed of light. In this case, the fractional momentum spread varies inversely with 
the beam momentum. 

The beta function p was first introduced by Courant and Snyder in their 

description of the alternating gradient focusing of particle beams!’ The parameter 
not only determines the particle bean1 size through Eq. (14), it also determines the 
instantaneous wavelength of the oscillations of particles within the beam envelope 
as they traverse the focusing magnets (wavelength = %r@). 

The beta function also plays an important role at the interaction point. In a 

magnet-free region, it has the particularly simple form 

B(s) = .j’ + !yx , 

where p’ is the minimum value of J(.*) and sg is the location of that minimum, 
the IP in this case. According to Eq. (I-1). the beam size near the interaction 
point is therefore 

t 
o?(z) = f.9’ + -(s - so)? 

.3’ (18) 

From this form, it is obvious tha! .j’ is thr depth of focus because the beam size 
increases by fi when s - ss = 3’. Thus. the beta function plays two important 

roles at the IP-it determines 1~01 11 111c spot size and depth of focus. 

The damping ring serves to reduce the emittance of the bunches of particles 
in all three degrees of freedom. It is an electron storage ring similar in all essential 
features to the storage rings used for colliding beams or synchrotron light produc- 
tion. The particles in an electron storage ring radiate a substantial fraction of 
their energy on each turn--energy that is restored by RF accelerating cavities. In 

the process of radiation, the particles lose energy from all three degrees of free- 
dom, but it is restored only along one, the direction of motion; the proper amount 

is supplied at a single RF phase for a particle with the design energy, which leads 
to damping in all three dimensions. The fact that radiation is emitted as dis- 
crete quanta, however, introduces stochastic noise that causes diffusion of particle 
trajectories. 

The competition between these damping and diffusion effects leads to an equi- 
librium value for the emittance of an electron storage ring. Damping rings are 
designed to enhance the damping effects using strong magnetic fields (such as 
those in wiggler magnets), while limiting the diffusion by the special design of the 
transverse focusing in the ring. In addition, there is a unique feature of electron 

storage rings that can be used to advantage. Due to the lack of vertical bending, 
the vertical emittance of the beam is much smaller than the horizontal--typically 
two orders of magnitude smaller. Such naturally flat beams are a key feature of 
many NLC designs. 

One possible design for a future damping ring is about a factor of five larger 
and operates at an energy 50 percent higher than that of the SLC damping rings 
(see Fig. 11). The final emittance of the beam is more than anlorder of magnitude 

smaller than that of the SLC beams, which leads to much smaller sizes. In fact, 
the vertical extent of a beam emerging from this damping ring would be a few 

microns, or about equal to the final spot size at the SLC interaction point. 

Another key difference is the simultaneous damping of many batches of bunches. 
111 the SLC, at most two bunches are damped simultaneously, whereas this NLC 
ring will damp 10 batches of 10 bunches all at once. This feature allows a longer 

damping time for any given bunch, because we can extract the “oldest” batch and 
inject a new “young” batch while leaving those in their “adolescence” to continue 
damping undisturbed. 
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Fig. 11. A design of an NLC damping ring. 

Because the bunches forget their origins in the damping ring, their conditions 

upon emerging are entirely determined by their behavior in the damping ring. 
This places special emphasis on the stability of the magnets in the damping ring 

and extraction system. 

3.5 BUNCH COMPRESSION/PRE-ACCELERATION”“~ 

Although the longitudinal emittance obtained in the damping ring is small 
enough, the bunch is still much too long for acceleration in a Iinac. In the SLC 

and NLC, this problem is solved by a technique called bunch compression, which 

shortens the bunch while increasing its energy spread. Each bunch passes through 

an RF accelerating structure phased so that the trailing particles emerge with 
lower energy than the leading particles. Then the bunch passes through a sequence 

of magnets that disperses the beam so that particles of different momenta travel 

on different paths. Particles with higher momentum (at the head of the bunch) 
travel a longer path than those of lower momentum (at the tail). The tail of the 
bunch can therefore catch up with the ‘head, producing a shorter bunch-but at 
the cost of a greater energy spread. 

This type of bunch compression has been used routinely in the SLC, where 

bunches 5 mm long are compressed to 0.5 mm for acceleration in the Iinac. Much 
shorter bunches will be required in the NLC. Short bunches will suffer less from 

transverse wakefields in the linac, and they permit a smaller depth of focus at the 

IP (about 100 microns for the NLC). In principle, another order of magnitude 

in compression could be obtained in a single stage; in practice, however, this 
approach would lead to other deleterious effects due to the large energy spread 

that would be induced in the beam. For this reason, the extra compression is 
provided by a second bunch compressor operating at a higher energy. 

In the NLC, the bunch is first compressed as in the SLC to 0.5 mm in length, 
after which the beam is accelerated to about 16 GeV. The longitudinal spread 
of the beam is unaffected by this acceleration, but the relative energy spread 
decreases linearly with energy. The compression is then repeated, resulting in a 

bunch length as low as 50 microns. By separating the compression process into 
two discrete steps, we can keep the relative energy spread small throughout. 

3.6 LINAC EMITTANCE PRESERVATION” 

The Iinac is the heart of the linear collider. As the beam is almost continuously 
accelerated, it is also focused transversely. During this process various effects 

conspire to dilute the emittance unless special care is taken. Because the linac 
is so vital and the potential for emittance dilution and beam size increase is so 
great, we will discuss various contributing factors in the next few subsections. 

3.6.1 Injection Errors 

After the bunch is compressed in length and as it enters the high-gradient 
Iinac, the bunch is about 2 pm high, 20 pm wide and 100 ,i~ long. To obtain the 

necessary luminosity, the beam must be demagnified to the size shown in Table 

1, by x o, = 4 nm x 320 nm. All of the offsets or angular kicks of the beam 
which occur upstream of the final focus system, however, get demagnified right 
along with the beam size. This means that the local beam size sets the scale for 

any offset and the local beam divergence sets the scale for any angular kick. If 
we examine the beam at some location along the accelerator, and if the beam 
motion from pulse to pulse is large compared to the beam size, then the beams 

will miss at the interaction point. In order to avoid this problem, these pulse- 

to-pulse offsets must be small compared to the local beam size. Equivalently, if 
a particular magnetic component has a varying amplitude, the variation of the 
angular kick must he small compared to the beam divergence at that point. 
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The emittance can also be destroyed by initial errors in beam size at the 
entrance to the linac. The beam size in an accelerator was discussed in Section 3.3. 
If there is bending or if the beam is offset in quadrupoles, the beam is dispersed 
with different momenta occupying different positions. In this more general case, 
the beam size is 

. 

O2 = @ $ D2~2 , (19) 

where D is called the dispersion function and 6 is the momentum variation in 
the beam prior to the bending field. For example, at the end of the compression 
section, 6 E 0.01. At the entrance to the linac D should vanish. If not, this error 
in beam size results in emittance dilution in the acceleration process. For typical 
flat beam parameters the tolerance on dispersion D given by 

D, < 0.2 mm 

D, < 2 mm 

The dilution caused by residual dispersion is additive. There are also multi- 
plicative effects due to the mismatch of the beta function of the magnetic focusing 
lattice. If the beam were mono-energetic, these mismatches would not filament 
and could be compensated at any point along the linac. Since there is a signifi- 
cant energy spread, this mismatch must be avoided. For a small error in p at the 

entrance to the linac, and provided the filamentation is complete, the emittance 
dilution is given by 

For incomplete filamentation, the emittance dilution will be somewhat less 

(21) 

3.6.2 M’akefirids and RNS Damping 

Wakefields are a key problem not only for linear colliders, but for all accrlera- 
tors and storage rings. The standard solution to this problem is to first reduce the 

wakefield forces until they are small compared to the applied external fields. Then 

compensation can be used, either feedback or modification of beam parameters 
or we can simply live within the limits by keeping the number of particles in the 

bunch sufficiently small. 

In Sections 2.2 and 2.3 we discussed the effects of the long range wakefield. 
The multibunch beam breakup can be controlled by damping the undesirable 
modes in the RF structure; this reduces the long range wake at the second bunch 
but has little effect within the first bunch. Now we examine the effecl of the short 
range wakefield on the stability of a single bunch. 

The short range wakefield can be expressed again as a sum of modes; however, 

in this case it is necessary to include modes at very high frequency. A typical 
short range wake is shown in Fig. 12. It rises from zero, has a large peak and 

then oscillates with a frequency determined by the dominant mode. The bunches 
which will he in an NIX are so short that they fall on the initial rise of the 
wakefield. This is sometimes approximated as a linear rise (shown as the dotted 
line in Fig. 12). 

The transverse wakefield increases rapidly with increasing frequency. If all 
dimensions are scaled, then 

where X is the scaled wavelength and X, is a reference wavelength. The initial slope 

varies inversely with the fourth power of the wavelength. Most of this variation 
comes only from the proximity of the iris hole to the beam. (By causality the 
short range wakefield must be independent of the distance to the outer wall of 
a structure.) It is, therefore, possible to reduce the short range wakefield by 
increasing the iris hole size relative to the wavelength. This reduces the short 

range transverse wakes, but it also decreases the effectiveness of the accelerating 
structure. Therefore, one must balance the transverse benefit of increasing the iris 
size with the increased RF power necessary to achieve a given acceleration field 
with the larger iris size. 
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Fig. 12. The short range transverse wakefield at the SLC. The upper 
graph shows a detail of the behavior 5 m m  behind a point bunch. 

Even with the reduced wakefield within the bunch, there is still an instability 

induced within a bunch due to the coupling of the hea.d and t,ail by the wakefield. 
The situation is completely analagous to that for multibunch instability discussed 

in Section 2.3; the same two-particle model suffices. In this case the head of the 
bunch, particle one, drives the tail of the bunch, particle two, on resonance. The 

growth is initially linear with distance but becomes exponential as the simple 
model breaks down. 

Fortunately, there is a technique, called BNS damping, which can be used to 

compensate the instability? The problem and solution are illustrated in Fig. 13 

where a two particle model is shown. If the two particles are offset to one side of 
the structure, the wakefield force deflects the tail part,iclr away from the axis. We 
add to this the external fields due to the focusing magnets; on the average there is a 

focusing force in the opposite direction. If we reduce the energy of tail of the bunch 
by inducing an energy correlation along the bunch (this occurs naturally and is 
controlled by the phase offset discussed earlier), then the tail particle experiences 
a stronger force than the head particle. Finally, if the additional force can be 
adjusted to cancel the wakefield force, then the two particles, the head and tail, 

move coherently together, and the growth is completely eliminated. The BNS 
correlated energy spread is given by 

(23) 

where N is the number of particles in a bunch, Wl(crr) is the transverse wakefield 

evaluated at o,, and &, is the b-function at energy E,. 

-------------c----------i--------------- 
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Fig. 13. Illustration of BNS damping. The additional focusing force 
on the lower energy trailing particle (dotted line) exactly cancels the 
wakefield force of opposite sign. 

If the wakefield is large, then one can still satisfy Eq. (23) by using RF focusing 
rather than energy variation to vary the focusing strength. In this case, however, 
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trajectories can filament rapidly. To avoid emittance dilution with strong wakes, 
the alignment and trajectory tolerances are less than the beam size. This leads 

to 1 firn alignment tolerances.‘6’2’ As we shall see in the next sections, these tiny 

tolerances can be avoided by keeping the wakefields weak. With weak wakefields, 
tolefances are dominated by chromatic effects. 

In the weak wakefield regime, BNS damping has been tested at the SLC 

linac? In this case the tail growth due to a coherent oscillation was reduced by an 

order of magnitude. BNS damping has since been adopted as the normal running 
configuration for SLC. 

3.6.3 Chromatic Effects 

Upon injection into the linac, the compressed bunch has about a 1Yo uncor- 
related energy spread. As the heam is accelerated, this relative spread decreases 
inversely with energy. At the same time a correlation between energy and bunch 

position is introduced due to the longitudinal wake and the curvature of the RF. 
Thus, the distribution in phase space becomes a wavy line which, when projected 
on the energy axis, yields an effective energy spread. At any location along the 
accelerator, the overall energy spread is a combination of the damping injected 
energy spread and the variation of energy along the bunch. After the bunch emit- 
tance is sufficiently damped, the relative energy spread remains constant unless 

deliberately increased by phase changes. For this reason it is useful to consider two 

models; one with constant energy spread and one with damping energy spread. 
In all cases considered below, we give not only the formula but also the value for 

the first design from Table 1 with energy 0.5 TeV in the center of mass. 

The first chromatic effect to consider is that of a coherent betatron oscillation. 
If the variation of the phase advance with momentum (chromatic phase advance) 
is much greater than unity, the oscillation filaments. In this case the oscillation 
amplitude must be less than the beam size to avoid emittance dilution. If the 

chromatic phase advance is small (64 tot < l), then the tolerance on a coherent 

oscillation of size i, is 

(24) 

where 6, = 2x lop3 is the constant relative momentum, &lt and r/&t are the phase 
advance per cell and total phase advance respectively, and Ns is the number of 

quadrupoles. For the case of a damping energy spread with initial value 6, = 0.01, 
the tolerance is 

(25) 

For the case of a corrected trajectory let us consider the model of a sequence 

of random trajectory bumps. In this case the tolerance on the trajectory or 

alignment is 

(26) 
(A~)r,ns < 30pm 

for a constant energy spread 6,. For an initial damped energy spread 6;, we have 

(AzLm, < & (+-)1’2 (T)“‘, 
(AZ),,, < 30pm 

3.6.4 Misahgned Accelerator Sections 

BNS damping only cures the growth and filamentation of coherent oscillations 
in the linac; it is an average compensation rather than a local one. In an actual 
linac, the wakefield kicks are not cancelled locally by adjacent quadrupoles. This 
leads to an incoherent growth of wakefield tails due to the random sequence of 
misalignments between the trajectory and the acceleratbr structure. If we pa- 

rameterize the strength of the wakefield kick by 6~~s as defined in Eq. (23), the 

tolerance on random accelerator misalignments is given by 

( Azstructllre)rms < 25pm , 

for 6~~s = 2.5 x 10M3. From Eqs. (26) and (28) b a ove, we see that the structure 

tolerances and quadrupole alignment tolerances are comparable provided that 
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hs - 60, that is, provided that the energy correlation needed for BNS damping 

is equal to the minimum energy spread in the linac. 

3.6.5 Compensation of Chromatic/Wakefield Effects 

* The alignment tolerances shown above assume that the trajectory is a random 
sequence of bumps. There is no particular reason that it has to be random. Let us 
for the moment neglect wakefields. Then it is possible to measure the trajectories 
for particles of diflerent energy and choose a trajectory which yields a small dif- 
ference. Such a difference trajectory can be generated by scaling all the magnetic 
fields in the linac by a small amount so that the entire beam has an effective 
energy which is changed. By choosing the corrector sequence to minimize this 

difference trajectory (as well as the actual trajectory), the dispersion generated 
by misalignments is cancellcd locally. 

This technique is called dispersion-free correction. Provided that the beam 

position monitors have a precision the order of 1 pm, it is possible to essentially de- 

couple the quadrupole misalignments from the dispersive effects? This increases 
the tolerances given in Eqs. (26) and (27) by an order of magnitude. 

When we include wakefields, the coherent motion is BNS damped and the 

incoherent motion gives rise to a random tail growth which can be controlled by 

tight tolerances. All that really matters for this effect is the value of the offset 
of the bunch within the structure. The offsets can be caused by two effects: 

misalignments of structures and trajectory offsets in structures. The trajectory 

is under our control; therefore, it is possible to use a trajectory which cancels 
the wakefield effects locally. Recently, it has been shown that by modifying the 
dispersion-free trajection technique, we can obtain a trajectory which cancels both 

the wakefield effects and the energy variation of the trajectory!’ 

Finally, we are left with the misalignments of accelerating structures. The 

most straightforward technique is to simply align the structure to the beam by 

using a BPM which is geometrically linked to the structure center. Such a BPM 
could consist of simply measuring the transverse wakefields induced by the beam?’ 

One can use this information to either move the structure or move the trajectory 

to minimize the wakefield effects. Alternatively, for weak wakes, it is possible to 
deliberately move the beam or the structure to add a wakefield which cancels the 

effect of the rest of the accelerator! 

3.6.6 Beam Tilt 

If there are RF kicks due to construction errors in the accelerator sections, the 
tail of the beam receives a different kick than the head. This can give a tilt to the 

beam. If we assume a random uncorrelated sequence of RF kicks, and compensate 
the center of the bunch with dipole correctors, the tilt tolerance is given by 

where O,,, is the rms RF kick angle for a beam with energy yO, N, is the number 

of accelerator sections, &, is the phase angle of the transverse kick relative to the 
bunch, and oz is the bunch length. For the parameters for collider number one in 
Table 1, we have 

O,,, < 2fira.d (30) 

If such a kick is caused entirely by the systematic tilting of irises in an accelerating 

section (the bookshelf effect), then the tolerance on the systematic tilt angle of 
all the irises is given by 

@iris < 0.3 mrad (31) 

3.6.7 Jitter and Vibration: Motion Pulse to Pulse 

Feedback is essential to handle the %low” drift of 5,:x’, y, y’, E. In practical 
cases it is possible to feedback at f 5 $. This sets the scale for what we consider 
slow. Time variation has many sources in linear colliders, for example: damping 

ring kicker jitter, power supply variations and ground motion. The jitter of the 

kicker in the damping ring must be kept small compared to the natural divergence 
of the beam at the kicker. Tolerances in power supply variations are also set in 
many cases by the beam divergence. The effects of ground motion depend upon 
the design and assumptions for the motion. If the wakes are weak and chromatic 
effects are kept small, there is no filamentation, and the beam moves coherently 
from pulse to pulse. If wakes are strong, and there is a large spread of betatron 
wave number, there is filamentat,ion so tha.t the beam size va.ries from pulse to 
pulse with a smaller centroid motion. 
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If we assume coherent motion, then for random magnet-to-magnet jittcar the 
tolerance is 

. (Azjitter)rms < (0.04)ap ) 

where F is the focal length of a lens. If, on the other hand, there is magnet- 
to-magnet correlated motion of amplitude AZA, then the dominant elTect occurs 

when the wavelength X is equal to the betatron wavelength. However, since in the 
planned designs the betatron wavelength changes IX y’/‘, the resonance is only 
temporary. If 2n@, < X < 2n/J,, then the tolerance is given by 

Axx < uJ (~di~,,)l12 ( y)“’ (iJ l’* 3 (33) 
AZ-~ < (0.1 to 0.4)~~ , 

where 7 is the energy at which 2?rB = X 

3.7 TffE FINAL Focus~‘-~’ 

At the end of each linear accelerator is a final focus system whose purpose is 
to compress the tiny bunches to sub-micron dimensions. To obtain the luminosity 
desired, the cross-sectional area of each bunch must be only a few hundred square 

nanometers. In addition, we must focus it to the shape of aRat ribbon (rather than 

a string) in order to minimize the radiation emitted as the particles in the bunch 
encounter the intense electromagnetic field of the opposing bunch. These goals 
are accomplished by the use of a complex magnetic focusing system analogous (in 

reverse) to an optical telescope used to magnify distant objects. This system uses 

quadrupole magnets as focusing elements in a unique combination that provides 
a very large demagnifcation. 

A major problem is the so-called “chromatic” effect of the final quadrupole 
magnets. Two parallel electron beams with different momenta entering a perfect 

quadrupole magnet are brought to a focus at slightly different longitudinal posi- 
tions because the lower energy beam is bent slightly more than the higher energy 
beam by the magnetic field (see Fig. 14). For it not to affect the spot size, this 

shift of focal point must be smaller than p’, the depth of focus of the beam. Due 
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Fig. 14. The “chromatic” effect of the final quadrupole focusing 
magnet. Particles of differing energy are focused to different loca- 
tions. 

to the requirement of flat or ribbon-shaped beams, this depth of focus is about 

100 microns in the vertical dimension. 

Such a small depth of focus makes the chromatic effects particularly serious. 
The chromatic correction of the final quadrupoles is in fact the key to the final 
focus. Upstream of these quadrupoles, a combination of bending magnets that 
disperse the beam combined with nonlinear sextupole magnets ensures that higher 
energy particles get a bit more focusing than lower energy particles. When a bunch 

arrives at the last quadrupole, the chromatic effect of the magnetic field upon it 

is exactly canceled. 

The basic principles of the chromatic correction for particle beams have beer1 
known for about 30 years. Their first application in a @ear collider was in the 

SLC, where the beams are demagnified by about a factor of 30, yielding spot 
sizes of about three microns. Because the demagnification necessary in the NLC 
is about a factor of 300, however, the design of its final focus system will be 
substantially different from that of the SLC. 

In order to test such a next-generation final focus experimentally, an inter- 
national collaboration including SLAC, INP, KEK, Orsay and DI%Y has been 
formed to design and construct a Final Focus Test Beam (F’FTB) at SLA(:.3” 

This facility will use the SLC beam emerging straight ahead from the linac as its 

source of electron bunches. 



Figure 15 shows a schematic of the location and layout of the FFTB. It is 
a scaled version of an NLC final focus, and as such, is qualitatively similar to 

NLC designs. A special feature of the design is that the chromaticity-correcting 
sextupoles are grouped in separate pairs, one for the horizontal dimension and one 
for-the vertical. This pair of magnets is arranged so that the nonlinear aberrations 
introduced are cancelled, while the chromatic effects add. The bends shown in 
Fig. 15 horizontally disperse the different momenta in the beam so that the sex- 
tupoles give somewhat more focusing to the higher-energy particles. This addi- 
tional focusing is arranged so as to cancel the lack of focusing of t,he higher-energy 

particles in the final quadrupoles. 

SLAC 
Linac 

I 1 Beam 

Quadru;oles’ Dipole BeAds 
I 

Final Quads 12.90 
6793All 

Fig. 15. The location and schematic layout of thr Final Focus Test Ream. 

The goal of the FFTB is to produce hrmchcs with transvrrw dimensions of 
60 nanometrrs high by 1 micron widr. Figure 16 shows the vert.ical bran1 size 
plotted versus thr vertical p’ at, the If’. In an ideal linear systrm, as tliswswd 

in Section 3.3, the beam size is just proportional to the square root of p’. This 
is shown as the dotted line in Fig. 16. If the bunch has finite energy spread and 
with no correction, this linear decrease is modified by chromatic aberrations so 
that the beam size reaches a minimum of about 1 I’m (the solid line in Fig. 16). 
Finally, if the chromatic-correction sextupoles are powered and if the system is 

properly tuned and adjusted, the vertical beam size follows the linear optics down 
to a size of about 60 nm before other high-order effects spoil the compensation 

(the dashed line in Fig. 16). 

12.90 P*y (mm) 6793P.10 

Fig. 16. Beam size versus optical tuning for uncorrected optics 
(solid), corrected optics (dashed) and linear optics (dotted). 

The FFTB will not achieve the beam size necessary for NLC due to the lack 
of a suitable low-emittance source. In fact, to achieve such low emittance, we 

need the NLC damping ring and iinac. The FFTB will, however, test the optical 

demagnification necessary for an NLC. In fact, the design /3* for FFTB is identical 
to tha.t for NLC. In addition to this primary goal, the collaboration will use this 
facility to test the alignment, stability and instrumentation requirements needed 
to achieve such small spots. The Final Focus Test, Beam is a key component of 
the worldwide research effort towards the NLC 
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When two ol-‘positely-cllarged buncllcs collide at tllc: If’, the intcnsc electro- 
magnetic field gcneratcd by the bunches tends to mutually focus them. This 

leads to disruption of the bunch and to a pinch enhancement of the luminosity. 
The enhancement factor ilu was given in Eq. (12) for the luminosity. For round 

bunches, this enhancement can be quite large (2 5); for fiat bunches, however, 
it is considerably reduced (,S 2) because the pinch only occurs in one dimension. 
If, in addition, the bunches are misaligned relative to each other, the ccntruids 

are attracted during the bunch passage. This leads to a two-strealll instability 
which for moderate disruption actually helps the collision process; if the bunches 
are misaligned, they bend toward each other and collide partially anyway. 

The combination of very high clcctronlagnctic fields and high particle energy 
yields substautial amounts of synchrotron radiation known as I)ealllst,ralllullg. ‘I’hrt 

average energy loss due to beamstrahlung ranges from I to 30 percent in various 
NIX designs. In extreme cases, many of these photons can subsequently generate 
electron-positron pairs in the intense electromagnrtic fields present. The radiated 
photons or charged particles can strike detector components, causing nndrsirahle 
backgrounds. 

The train of bunches on caach cycle also presents a problem at the linal focus. 
In order to have a separate channel for the outgoing disrupted bunch, cullisions 
take place at a small angle. As the bunchc*s approach the collision point, tllcy feel 
the field from those bunches which are exiting and have already collided. ‘I’his 
sequence of bunches can induce a nlultibunch kink instability which can cause 
trailing bunches to miss the interaction point. This effect can I)(, controlled by 
the charge per bunch or by the crossing angle. 

In practice, these bean-beam cffccts are what impose the ultilllatr lilrrits on 
the possible charge per bunctl--and thns on the luminosity. In the design described 
above, the luminosity limit is bypas:sed by using a short train of bunches, each 
with moderate total charge. This approach allows us to maintain 111~ tlrsirtad 
luminosity while keeping bean-beam effects under control. 

In the previous sections WC have outlined the basic issues inlportant in the 

design of a Next Linear Collider. The energy can be obtained by c~ssentially 

conventional means, with the use of IlF accelerating structures combined with 
high peak power ItF sources--klystronsPwhich are sinlilar to those used presently 

in the SLC. The key difference is the change of frequency by a factor of 4. l<‘ol 
the structures this cllange of frequency presents no problenl. Structures at 11.4 
GHz have been constructed; damped and detuned struct,ures have been built 01 
are being designed. The power source is very close to realization. ‘I’he klystron 
discussed in Section 2.5.1 could easily provide enough power for the lower gradient 
option (option 2) in Table 1. The RI: pulse compressiou necessary to achieve th(, 

proper pulse length has been tested and has behaved as theory would indicate. 

The luminosity of the Next Linear Collider is perhaps the nlore difficult prob- 
lem. To reach the desired levels of 103” - 1O34 cn-‘see-‘, it is necl’ssary to 

compress the beam spot to a few hundred square nanometers. This situation 
is forced upon us by conservation of energy; the wall-plug power must be kept 
within reasonable bounds. In spite of the small size required, nlany of the toler- 
ances can be brought to conventional values when comprnsntion techniques arcs 
applied. Many of the issues of producing small spots will be addressed by the 
Final Focus Test Beam. 

The second major component to the luminosity increase is the acceleration 

of many bunches on each machine cychs. This increases the efliciency of the 

collider but also introduces many conrplications throughout all the subsys~erns. 
Experience has been gained at thca SLC which accclcrates thrcv bunches on each 

cycle, and also at all long-pulse linacs which accelerate sometimes thousands of 
bunches on each cycle. Thus far, no fundamental problems have been discovered 
which would preclude the acceleration of trains of bunches. 

To conclude, the outlook for obtaining both the energy and Iuminosity of a 

Next Generation Linear Collider is bright. f’rovidrd that the engineering effort 
on the power source is surctassful, an NI,(: design could beco~nc a 1calit.y by the 
mid 1990s. 
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1. Introduction; the CKM Triangle 

The bottom quark should need no introduction. Other than the undiscovered 

top quark, it is by far the most fashionable of the six. There is good reason for 

this. It is bottom-quark behavior which holds out the most hope of measuring 

and understanding some of the most fundamental and delicate parameters of the 

standard model --those having to do with the origin of electroweak mixing-and 

thereby in all probability also the origin of quark mass. Also interwoven into this is 

the subject of CP violation, and its proposed interpretation in terms of electroweak 

mixing. 

In this section we shall review the basics of electroweak mixing and how it 

is impacted by the study of &quark properties. There are by now many lecture 

series and workshop proceedings devoted to this topic,tex .refs ’ so 1 will not try 

to be comprehensive, but only hit some highlights. 

The parameters of electroweak mixing are defined by the amplitudes for W  

decay into quark-antiquark final states. 2 There is no selection rule operative other 

than charge conservation and the V-A structure of the weak interaction Hamilto- 

nian. Therefore, we essentially have 

MU+‘+ + QQ) 
M(W+ + e+v,) (1.1) 

The nine quantities VQ, form a 3 x 3 matrix with complex entries, and it is a 

principal task of experiment to determine them. IIowever from the point of view 

of standard-model theory, there is an additional restriction required for consistency 

of the electroweak gauge theory, namely that the matrix V be unitary. The reason 

for this will he elaborated upon later, but here we only note that the unitarity 

restriction reduces the eighteen real parameters in V down to nine. There are five 

further reductions having to do with the fact that the choice of phase given to the 

quark fields or wave functions are arbitrary. This looks like elimination of six more 

parameters, but the number is only five, because a common phase rotation of all 

six quark fields leaves V unaffected. 

The bottom line is that in the standard model there are four independent real 

parameters in the matrix V to determine. It is natural to use as those parameters 

objects already accurately measured or with potential to be accurately measured 

in the future. A  very natural phase choice for the elements of 1/ is to choose 

the diagonal elements as real positive. This is because each is close in magnitude 

to unity (at least if we assume the unitarity constraint!), and in the limit of no 

mixing it is almost obligatory to let V approach the unit matrix. This leaves 

two other phase choices to make. The next-to-diagonal elements in the upper 

right are important ones experimentally, and we choose them to be real positive as 

welt. Vu, is the sine of the Cabbibo angle; welt-measured and quite overdetermined 

through the many studies of strange particle weak decays. Vcb governs the dominant 

semileptonic decays of the B  into charm final states. The lifetipe and branching 

ratio measurements already determine its magnitude to about 20% and prospects 

for future improvements are good, as we will elaborate upon later in these Iecctures. 

With the phase choices out of the way, we see that Vub, \n general corn- 

plex, together with the magnitudes of V., and Vcb, provide a convenient set of 

four independent parameters to describe the purportedly unitary matrix V (called 

the Kohayashi--Maskawa K M  matrix, or better the CKM matrix in recognition 

of Cabihbo’s earlier contributions to the dcvclopmcnt of the ideas of elcctroweak 
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mixing). Then the determination of the remaining parameters of the matrix using 

unitarity is straightforward. First get v,,j (which is real) by demanding the norm 

of the first row of the matrix be unity. Then get Vcd (which is complex) by de- 

manding orthogonality of the first and second rows. (This is two real equations.) 

This must be done together with determination of V,, via the norm condition on 

the second row. While in general this could entail ugly algebra, in practice things 

are completely straightforward because of the smallness of the off diagonal ele- 

ments and the fact they decrease rapidly as one departs further from the diagonal. 

The same situation holds for the elements of the third row. Orthogonality with 

the second row determines V& to rather good accuracy. The norm condition on 

the third row essentially determines vr) to be very near unity, and the remaining 

conditions, orthogonality of first and third rows, provide the most delicate and 

interesting relation: 

v,,v,; + v,,v,; + v&y; = 0 . 

To good approximation this is 

v,,, + v,; = VusVcb 

where we use 

(1.4 

This is conveniently depicted as a triangle relation in the complex plane (Fig. 1). 

It appears ever more frequently in the literature, and perhaps in a decade or two 

Figure 1. The unitarity triangle. 

it may penetrate the hallowed pages of the Particle Data Group compilations. In 

any case for practical purposes we can regard the matrix (assuming its unitarity!!) 

to he reasonably we11 determined with the exception of the V,b elemeni+specially 

its phase-and hence also the vrd element as well. Thus a good representation for 

the matrix is 

(1.3) 

(1.4) 

0.97 0.22 Kb 
-0.22 - 0.044 VJb 0.97 0.044 

Vfd -0.043 - 0.22 Vib l.Od 

where we have availed ourselves of some recent experimental numbers. The status 

of the unitarity triangle will he discussed later. 

However, before getting into the details of that phenomenology, it is appro- 

priate to recall where this matrix is supposed to originate. It is in the depths of 

the Iiiggs sector of the electroweak theory, in particular the piece of the action re- 
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with G diagonal. But one must check whether the rest of the electroweak La- 

grangian commutes with this diagonalization procedure. One place where it does 

not is in the quark-W coupling, which depends on weak isospin: 

Lw = gqpr lu& 

* !JifL-i’v;~ w,vLqL 

(1.14) 

We see that the matrix V,, which depends upon r3, will not commute with T+ or 

r-, which are the couplings of the charged W to the quarks. It is advised to write 

the coupling of the quarks to 6he W+ explicitly in 6 x 6 matrix form to see how 

this works. The relevant matrix turns out to be 

VLLgL = ( V UP 

0 
(1.15) 

where Vu, and Vdown are 3 x 3 unitary submatrices. Then 

and 

v = vCj,‘,&, = v?,vdown 

v 0 UP 

0 kwn ) 
(1.16) 

(1.17) 

In contemplating the origin of V, it is clear from this point of view one must 

contemplate the origin of G’, or equivalently the mass matrix 

M’ = (cb) G’ = G’v . (1.18) 

This is not so easy, because the mass matrix (which need not be hermitian) is 

diagonalized not only by VL but also VR, a matrix about which we have no exper- 

imental information. And only the CKM combination VupVdbm of VL appears in 

the data as well. Nevertheless things can be done; most of this will however be 

left for the reader to work out. Some extra assumptions are typically needed to 

do this. A popular ansatz is that the mass matrix have “Fritz& texture,” i.e., it 

takes the form3 

(1.19) 

My own preferred attack is a little different. Because the off diagonal elements of V 

are small, one is tempted to assume the same for M’. Then low order perturbation 

theory can be used to determine the elements of M’ from those of V. One writes 

to first order 

VL=l+iKL 

VR = 1 + iKR 

M’=M+m 

(1.20) 
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with m having only off-diagonal elements. Then, because VL diagonahzes tbe 

hermitian matrix M’M”, 

, 2N i [I~L,M ] = Mm+ +mM 

or 

i IcL = (m&f1 + mJ,Md 
11 (M,2-Mf) 

From this one gets three useful relations: 

(1.21) 

(1.22) 

qp!E) 

(1.23) 

v”*Y(p!$) 

v&r (z-2) 

To go further requires more assumptions. My own favorite guess is that all impor- 

tant off-diagonal terms of M’ reside in the down-quark matrix. This leaves their 

numerical values all in the 10s to 100s of MeV. (If this is true for the up-quark 

off-diagonal mass-matrix elements, they indeed are not very important contribu- 

tions to the CKM mixing.) Provided the mass matrix is anywhere near hermitian, 

one gets to good approximation 

(1.24) 

Notice that in any case the only information on the mass matrix is on the elements 

above the diagonal; the remaining elements are sensitive to VR. 

There is an amusing corollary which follows from this plus a couple more 

assumptions. Suppose that the mass matrix is hermitian and that all off diagonal 

elements are pure imaginary. (This is an old suggestion of Stech.4 ) Then it turns 

out (the demonstration is left to the reader) that the unitarity triangle is to very 

good approximation a right triangle, with -y = 90’. (To get this result, one must 

go beyond first-order perturbation theory in the size of the off-diagonal elements.) 

This result does not deserve to be taken very seriously. But what is vital is to 

get a better handle on the origin of the peculiar properties of the mass matrix. It 

deserves everyone’s best efforts. 

Also, one must not forget that the assumed unitarity of the CKM matrix 

is just that-an assumption. It is easy to find models where that is not true. 

Perhaps the most natural way of doing that is to introduce e?tra down quarks 

which are electroweak singlets [this happens naturally in GUT theories such as 

E(6)] but which mix with the usual quarks.5 Nir and Silverman’ have given a very 

nice analysis of the simplest situation, where only one extra down quark mixes 

significantly with the other three. Evidently there will be a 4 x 4 mixing matrix 
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which is unitary, although the 3 x 3 submatrix will not be. The unitarity condition 

becomes 

V”,V,; + v,,v,: + v,,v,; + V”,v,t, = 0 (1.25) 

which leads to a unitarity quadrangle (Fig. 2) 

Figure 3. Mechanism of B -B mixing. 

The extra segment is constrained in a variety of ways. And one might a prioti not 

expect it to be especially large. But the effects on CP violation measurements in 

the B system can nevertheless be big. It is a little premature to discuss them here, 

but this point must be kept in mind as we go along. 

Figure 2. A unitarity quadrangle. 

The sides and angles of the unitarity triangle have a direct experimental mean- 

ing. It is best to normalize the base to V,,, by dividing all sides by V&. Then the 

othrr two sides are more closely related to experimental observations. Evidently 

Vub/Vcb is measured by the ratio of charmless to charmed semileptonic decays.’ 

The other side ideally is measured via comparison of Bd - Bd mixing with that of 

the B,. This is clear from the diagrams shown in Fig. 3, assuming they are the 

dominant contributors to the mixing. The formula for the mixing probability goes 

like 

(AWB~ _ hd -- - 
(AWB. I I 

’ [QcD matrix elementId Vtd 
2 

&, [QCD matrix element], 
x- 

I I v,, 
(1.27) 

and so the ratio of the mixing probabilities leads to a lot of cancellation of theo- 

retically uncertain factors. At present, one relies on best estimates af the separate 

factors to get at the value. The result is shown in Fig. 4 for an assumed top quark 

mass of 160 GeV. There is much ado about the best fits which I do not choose here 

to discuss.s My own view is that there is plenty of uncertainty in how the triangle 

will look, most of it theoretical. 

Direct observation of the angles of the triangle requires CP-vidlation experi- 

ments to be performed.g The angle beta, for example, is what is measured in the 

premier CP violation experiment Bd + ti+ h’,. One compares the time-dependent 

decay of a tagged Ed with that of a tagged Bd. Standard mixing theory (ignoring 

quite justifiably lo lifetime mixing) gives for the state which at initial time is pure 
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Figure 4. Allowed region for vertex of unitarity triangle for ml = 160 GeV. From 

Ref. 8. 

Ed 

(1.28) 

where X is of modulus unity, with its phase being the phase of the mass mixing 

term, 

Note that with our phase convention this has the phase of the square of V&j, The 

Ed decay amplitude into the $-KS CP eigenstate is then 

I M(& -+ $‘I%*) = MO (1.30) 

where we have taken out the CKM element from the decay amplitude. Thus doing 

the same thing for the antiparticle gives 

= No [l f sin dsin Amt] eerf 

(1.31) 

= Fo [1 41 sin $sin Amt] e-rt . 

Only Vtd has significant phase content in our convention, so that the effect depends 

upon 

#=2Argv,d=2P. (1.32) 

In a very similar way it can be seen that the angle a at the to;, of the unitarity 

triangle is measured by the decay Bd + r + A. Here the factor Vcb in the decay 

amplitude is replaced by V&, and its additional phase changes the observable phase 

to twice (I, 

Sin 4 = sin(2Arg Vt,j - 2Arg V,,b) = sin(2p + 27) = -sin 2a (1.33) 

The phase -y is the hardest to get at. The decay l3, -+ pf~‘, is a candidate; here 

the only relevant phase is contained in the factor VUb in the decay amplitude. 
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In all these examples, we have used B -B mixing, together with decay into ‘a 

CP eigenstate, as the technique for seeing the CP violation. There are other possi- 

ble attacks as well, in particular particleantiparticle branching-ratio differences, 

(1.34) 

These typically utilize the existence of “Penguin” diagrams. Unfortunately there 

will be no time in these lectures to discuss Penguin processes. 

2. Semileptonic Decays 

As we indicated in the previous section, the quest for observation of CP vi- 

olation in b-decay processes is the central reason for the great experimental-and 

theoretical-interest in the subject nowadays. But there is a long way to go be- 

fore getting there, and much should be measured and understood on the way. CP 

violation studies in the b-system, if possible at all, should turn out t.o be an ex- 

perimental program and not just an isolated discovery experiment. There are a 

variety of modes competitive in sensitivity which probe different features of the 

unitarity triangle (or quadrilateral). It therefore is especially important to have as 

good a grip on the overall phenomenology of &decays as possible. A large, well 

understood data base is essential in optimizing the yield of information possible 

to obtain on CP-violating processes. And already we see importa.nt parameters of 

the CKM matrix limif.ed by theoretical systematic errors. So there will he some 

emphasis in these lectures on the underlying phenomenology. The natural st.arting 

point is semileptonic decays. 

Scmilcptonic &decay processes are expected to hr especially clean throrct,i- 

rally. The rrason is the same as for kaon decays or charm particle decays, all bough 

there is some basis for hope that the heavy &quark mass may allow certain non- 

lcptonic decays to be comparable in cleanliness to semileptonic decays. The theory 

of semileptonic-decay phenomena is especially active nowadays, thanks to the con- 

tributions of Isgur and Wise (Wisgur). I1 They have shown that in the formal limit 

of infinite 6- and c-quark mass, the phenomenology is greatly simplified. To me 

this holds out the promise of a relatively model-independent approach to these 

processes. While the predictions of the limiting case may not be highly accurate, 

there is most likely a well-defined set of first-rder corrections; the model depen- 

dence is then hopefully relegated to these corrections. 

So I will base the discussion here on the Wisgur limiting case; it at least has 

the advantage of clarity and simplicity. The basic ideas are very simple: what is 

surprising is that they lead to such strong consequences. They are 

1. As the &quark mass becomes very large, a B-meson becomes a cannonball. 

It is very hard to change its velocity; a very large momentum transfer is 

needed and only perturbative mechanisms (hard gluons or electroweak tran- 

sitions) can do that. 

2. QCD exists in the limit; nothing terrible seems to occur. It is like setting 

the mass of a nucleus to infinity in QED atomic physics.” 

3. The spin degree of freedom of the &quark decouples from,the dynamics in 

the limit because the color hyperfine interaction scales iyly with the 

hca.vy quark mass. 

4. Therefore there are new symmetries in the spectrum of states of the hadrons 

containing a &quark; all members of a hyperfine multiplet have the same 

mass in the limit. In particular the pseudoscalar f? becomes degenerate with 

(.hc v&or I1’ in the limit (actually t.hey are believed to be split by 50 MeV). 
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5. In the limit, the flavor label of the heavy quark, e.g., b vs. c, becomes 

irrelevant; hence a new flavor symmetry emerges as well. 

The simplifications to the phenomenology occur for two reasons. The first is 

that in the limit the semileptonic matrix elements can depend only on the velocities 

of B and D (or D’), not separately on momenta and mass. The second simplifica- 

tion comes from the Wisgur hyperfine symmetry. Spin rotation of the &quark is a 

symmetry operation; using it one can relate matrix elements of B to D’ to those 

of B to D. 

Let us begin with the B -+ D + e + v decay. It is just like Ke3 decay as far as 

kinematics is concerned. Normal conventions put the matrix element of the weak 

current (pure vector; no axial contribution) in the following general form: 

(DIV,IB) = d& [F+(m% + PD), + F-(q2h] . (2.1) 

There are two form factors as shown, but only F” contributes because 

Qr JILXI = (PB - W,J,‘i,,o, = o (2.2) 

We now compare this with the expression resulting from the infinite-mass limit 

requirement: 

only on the Lorentz 7 of the heavy meson, as appropriate for the limit. A more vi- 

tal change is the appearance of only one form factor. This occurs for a combination 

of two reasons. The first is that only the combination P,,/M = v,,, the invariant 

velocity, can appear in the matrix element. The other is that matrix element of 

the vector current between B and D at a given velocity transfer has to equal the 

matrix element of the vector current 

(2.4) 

between B’ and B for the same velocity transfer. This happens because the spec- 

tator system of light valence quark and its accompanying cloud of gluons and qTj 

pairs cannot distinguish between a & and c-quark source; the flavor label carries no’ 

dynamical information in the infinite mass limit. But the elastic B matrix element 

is characterized by only one form factor. 

Notice the remarkable feature that a form factor for a process involving a 

timelike momentum transfer is related to one with spacelike momentum transfer. 

The synthesis occurs because what matters is velocity transfer. The invariant 

velocity transfer is 

1 
i‘= p(“‘-“)2 cc= t(g-!-)’ t 

I 
and for the weak transition of interest this is related to q2 as follows: 

V, =zy,b . 

There are two changes. One is rather superficial; the traditional l/&i? normal- 

ization factors for the wave functions are replaced by m. This form depends 

(2.5) 

T=~~-(MB-MD)~ 

‘#hf~hf~ 

When i‘vanishes, the (timelike) momentum transfer to the dilepton is maximized; 

the mass of the dilepton is just the B-D mass difference. In this limit, the D or D* 
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remains at rest (in the B rest frame) and there is no recoil motion of the spectator 

system. 

This procedure does not reduce the number of independent vector and axial 

B + D' matrix elements, of which there are four. However these all get related 

to the above form factor using the Wisgur symmetry. The direct way of getting 

this result is to relate B-to-D’ matrix elements to B-to-D matrix elements by 

applying a spin rotation to the D' in its rest frame. The easy way is to use 

s, = 
/ 

d32c’(~)0*c(z) (2.7) 

which is a symmetry operator, i.e., commutes with the Hamiltonian, in the infinite 

mass limit. One easily finds (up to annoying phase conventions) 

Sz ID) = f Pfhong Sz ID’hons = f ID) . 

Thus 

and the commutator can be evaluated explicitly for any choice of current, yielding 

a matrix element of some other current operator between B and D. Upon doing 

this repeatedly, one finds that all the form factors indeed can be determined in 

terms of the single (normalized) form factor introduced above. 

We shall not go through that line of argument in any detail, but instead write 

down the answer in a compact form which allows further generalization,‘3 

(D or D' lJ,,l B) = 
J 

$$$TrB.7PBp. (2.10) 

In this formula, each of the factors is a 4 x 4 Dirac matrix. The matrix B is the 

wave function of the initial B: 

Were the initial state a B', ys would be replaced by y . t, with epsilon the polar- 

ization vector of the B'. The matrix B is defined similarly 

v = -flJV’~cl . (2.12) 

The matrix for the current is r,, for vector, etc. The remaining matrix p represents 

the physics of the spectator system, namely the amplitude that the light-quark 

spectator system for the B is carried away by the D or D' without additional 

hadron emission. It is dependent upon the B and D, D' four-velocities (and 7 ma- 

trices), and some routine Dirac algebra shows that it can be reduced to a multiple 

of the unit matrix and factored out of the trace. It is just the form factor, depen- 

dent upon the invariant velocity transfer, introduced above. The reader is urged to 

work out the results for the B -+ D, D* matrix elements from the trace formula to 

see how easy it is-and to verify the B -+ D example we already derived in detail. 

More general matrix elements can likewise be written down immediately using 

the trace formalism: 

(D or D*;kl...k,I.l,,lB)= (2.13) 

Only the object p changes; it in general depends on all the variables defining the 

extra particles in the final state; it is the spectator system which is responsible for 

their emission, because the heavy quark dynamics-in the infinite mass limit we 
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use here-is trivial. In the general case p will be a nontrivial 4 x  4 matrix, and 

carries with it the nature of the correlation of the D, D’ final state variables with 

the remaining ones. 

The formalism for charmless final states is  s imilar. For the general process, 

one s imply writes 

An important application, noted by W ise, r’ is  that the same formula applies for 

the processes 

and 

A s imple example of a charmless final state is  nothing at all, namely the pure 

leptonic decays. Here one writes 

(2.17) 

where 4 is  again proportional to the unit Dirac matrix, in fact just a number. The 

usual way of writing these decay amplitudes is  in terms of the decay constant 

B+{h...k,)+e+u (2.15) 
The relation between them is  

D-t {k l...k,}+k!+v. (2.16) 

Therefore the measurement of semileptonic (Cabibbo-forbidden) D decays into 

charmless, nonstrange final states gives one information, in this limit, on semilep- 

tonic B decays into the same final state. The information is  only partial, because 

the invariant mass of the final hadron system must in the former case be small (in 

practice not much more than a GeV) while in the latter case it can be quite a bit 

larger. 

(OIJ’IB) = &FBP;. 

(2.19) 

so that the scaling-law is  (mass)-  ‘i2. This is  a well-known piece of folklore for the 

lattice QCD community, amongst others. r5 There is  some skepticism on whether 

this asymptotic behavior is  “precocious”; lattice calculations (not to mention ex- 

periments) are the best hope for an answer. I 

Another important application may eventually be to the b + s  flavor changing 

neutral current (“Penguin”) processes, where the matrix elements can be related 

to the dominant semileptonic D-decay amplitudes. I6 Yet another application is  for 

baryonic semileptonic decays. I7 For the principal Ab + A, matrix elements, the 
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forrnditim is very simple, because these states have no hyperfine partners to mir 

with. Therefore the mattix elements are simply 

Pi ..,k,,A,&,(Ab)” -ra)u(P)F(u’,v;kl...k,). (2.20) 

The apectatar aylem haa the quantum numbers of a apinless diquark, so there is 

no cotrelation between it and the heavy quark system other than the dependence 

on initial and final velocities. The spin correlation properties of the Ab and AC 

should be just like the structureless heavy quarks within them, independent of the 

remaining light-hadron final state accompanying it! 

For the elastic transition when no additional particles are emitted, the form 

factor depends again ohly on the invariant velocity transfer introduced before, and 

at ?= 0 the form factor must be normalized to unity, because the spectator diquark 

is unaffected by the transition. 

In all these case8, the consequenctrr of the Wiagur limit can be written down 

for the most general matrix elements. Therefore it is also possible to consider the 

consequences for inclusive quahtitiea, i.e., aquared matrix elements summed over 

a set of final states. As an example here we consider the baryonic semileptonic 

decays, because they are simplest, and also because to my knowledge the results for 

this tase hare not yet been written down elsewhere. We saw above that the matrix 

element3 factorize ihto a kinematic piece involving apinor products, multiplied by 

a form factor depending upoh the apinlesrr spectators ant1 the emitted pions, dc. 

‘The decay width then has the structure 

dr(Ab~hr+ki...k.)=dl‘o’/F(ff,v’;kl...k,)12iZ~ 
,=, %P) 

(2.21) 

where 

dro = q(%b12. $ ja(p’)r,(l -75)4p)hc(1 - 75)4’ 

(2.22) 

d3tT d3v d3p’M’ - -6’(p’-p-e-v-Eki). 
’ !i$ 2uo 2E’(2~7)~ 

Now sum over all hadronic final states of given final maas W and over all dilepton 

states of fixed mass Q 

W = p’ + Cki 

q=e+v (2.23) 

In the infinite mass limit, the ki within the momentum conserving delta-function 

can be safely neglected, and a straightforward calculation then gives the differential 

width as 

dl- dr -=2w-= drab, 9) 
dq2dc 

- w(e,q 
dq2dW2 dq2 (2.24) 

where dT,-, is the expression for 114~. differential width in the free quark limit (it 

eventually goes as Mi), and where the structure function w(c c)‘is defined as 

For a fixed velocity transfer F we must expect that the important values of W will 

involve only a finite amount of excitation, i.e., a finite value of e. The physics 
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is that the spectator diquark, originally at rest, must respond to its heavy-quark 

“nucleus,” suddenly moving away at a finite (possibly relativistic, but still finite) 

velocity or 7. The response will include emission of hadrons, but few if any with 

gamma larger than that of the receding heavy quark. A qualitative estimate of the 

energy of the extra emitted hadrons in the Ab rest frame (or for that matter in the 

A, rest frame) is 

c N (mdiquuk) ‘7 = (mdiquark) tJ ’ v’ = (mdiquark) (I - 2T) . (2.26) 

Notice that the physics of this structure function is different from the usual deep- 

inelastic structure-function physics. It is the response of the entire spectator to 

the acceleration of its heavy-quark source, not its response to the acceleration of 

one of its constituents. 

The formula above has the structure of the spectator model of heavy flavor 

decays. And the spectator model would be recovered were there a sum rule for the 

structure function W, 

J dew(C,e) 1 1. (2.27) 

Then the decay width, differential in i; i.e., differential in the final-state dilepton 

mass q, would be identical to that calculated in the free quark model. This has 

always been regarded as an inevitable consequence of the heavy-quark limit. If no 

constraints are put on the final state, the physics of the decay is controlled solely 

by what happens at the quark level. 

The sum rule can be shown to be true. This will not be done in detail here. 

A way of getting it is to start with an equal-time current commutation relation 

known to be true 

lJ,1W), Jo(O)] = i(.o)s3(q 

with 

and putting it between Ab states. Contributions of so-called z-graphs need to 

be included, but when the dust settles the sum rule written down above indeed 

emerges. Extraction of the elastic contribution gives the result 

cm 
1 = IF( t J dcw(c,t). (2.30) 

0 
inelastic 
channels 

At zero velocity transfer this reduces to 1 = 1, because we already know (or should 

know) that the elastic Ab to AC form factor is normalized to unity there. The first 

derivative of the sum rule evidently relates the slope of the form factor to the sum 

of inelastic contributions to the width. This is analogous to the Cabibbo-Ftadicati 

sum rule for ordinary current-algebra sum rules.‘* 

Similar results exist for the mesonic transitions. I3 The factorization structure 

only emerges after summation over D and D’ in the final statet (but no average 

over B and B’ in the initial state is necessary). The contribution of the elastic 

channels to the sum is a little different and reads 

1 = (1 -i))F(i))2 + J dew(c,?). (2.31) 

inelastic 
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Again there is a Cabibbo-Radicati sum rule: y=l-27 

F’(i)J&o = ; 
[ 

1 + 
i”e,urtic i5 w(cvF) . J 1 (2.32) 

It evidently demands that the radius of the form factor exceed l/2. (From the 

analyticity of F, we expect a radius of order unity.) 

It is perhaps useful here to record the separate contributions to the differential 

width from the D, longitudinal D’, and transverse D’, since experiments can 

eventually sort these out via angular correlation measurements. Use of the trace 

formula yields the results 

B-D: 

B --) 0;; 

B-+D;: 

B + Dlotd : 

(r2 - 1) 
4 IF( a(e) 

wL = (1+ 712 
y- IF( a(e) 

7(r+l) 
-j--- IF( 6(c) 

w,+2wT. 

(2.33) 

Here we have used the Lorentz boost 7 instead of Tin the formulae. The relevant 

relations are 

(2.34) 

= value of 7 at endpoint of spectrum 

(9’ = 0; zero dilepton mass). 

Most of these contributions have endpoint zeroes; the exception is that for the 

longitudinal D*. Normalizing the others to it and plotting the results gives a simple 

pattern. Comparison with model calculations (Fig. 5) yields good agreement, with 

the most important discrepancy occurring in the ratio of D to longitudinal D’ at 

the maximum velocity transfer, i.e., when q2 = 0. 

As yet there is not enough data on this kind of thing in the B system to provide 

constraints on the theory. But there are analyses for D + K, K’fv transitions, 

some quite recent.‘g~20 It is of interest to see whether these ideas apply at all, 

despite having to assume that the strange quark is heavy. (Maybe heavier is good 

enough.) Here there seems to be trouble in the comparison with those model 

calculations which go along lines parallel to the infinite-mass limit approach. 

The Fermilab photoproduction experiment E691 has recently completed an 

analysis of the angular correlation structure in this process.20 They express the 

weak matrix element as follows 
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Figure 5. Predicted ratios of semileptonic partial widths. The solid line is from 

Wisgur; BSW and GISW are Refs. 21 and 22, respectively. 

and find for the three form factors the values 

(2.35) 

Al(O) = 0.46 f 0.06 f0.03 

AZ(O) = 0.0 f0.2 f 0.1 (2.36) 

V(0) = 0.9 f 0.3 f 0.1 

The infinite-mass limit results are easily worked out and give for these the expres- 

sions 

(K' IJ,,I D) = Tr ,L (s) 75F(0 

(2.37) 

In addition, the B + D semileptonic transition form factor F+ also has been 

measured by the same group, with the result*s 

F+(O) = 0.8 3~0.05 f0.06 . 

This is not too far from the expectation in the infinite-mass limit:, 

F+(q;&,,,) = (mh’ + mD) = 1 2 
2dm -* 

(2.38) 

(2.39) 

In any case we see trouble. The ratio of AZ to V, expected to be unity in the 

Wisgur limit, is apparently considerably smaller. This also seems to be the case 
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for the other axial form factor Al, whose ratio to F+ also seems to be considerably 

too small. In Table 1, as presented by the E691 collaboration, one sees that the 

explicit model calculations also suffer from the same disease as the infinite-mass 

limit approach. 

Table I E691 

A,(O) -+ Al(t,,, 0.46 -+ 0.54 

AdO) -+ Adkax 1 0.0 

V(0) ---) V(&,,) 0.9 -+ 1.2 

T 

IS 

0.8 4 1.0 

0.8 + 1.0 

1.1 -+ 1.4 

Isgur23 
Scora 

Models 

BW GS KS 

1.0 -+ 1.2 

1.0 --t 1.2 

1.0 ---) 1.3 

Koerner*’ 
Schuler 

It is a little hard to assess the robustness of the E691 result, since it depends 

upon a difficult likelihood analysis involving a function of several variables. But 

there does appear to be a serious problem here, and I cannot see an easy fix. 

Will the infinite-mass, Wisgur limit turn out to be of use? I find it a very 

promising development. If the corrections can be systematized, then the model 

dependence of the predictions is relegated to that of the correction terms. The value 

of the method will end up being dependent on the size of those corrections and 

how well they can be kept in theoretical control. There is probably a considerable 

amount of work to be done before the value of the Wisgur method can really be 

assessed. 

the chromomagnetic interactions. Another class of corrections are associated with 

hard gluon emission, real or virtual, from the heavy quark system. These must be 

velocity-changing, so the running coupling associated with these processes will be 

evaluated at a heavy quark mass scale; hence be small. Some of these corrections 

have been worked out, in particular ratios of renormalization factors of B and D 

states, which differ because of the different masses. 2* This gives rise to the endemic 

factors 

(2.40) 

where the exponent is of order l/4. 

Finally there may be important effects associated with anomalous thresholds.2g 

The elastic form factor of a D', in the Wisgur limit, should be identical to the elas- 

tic form factor of a D. But the D* can be viewed as a loosely bound system of 

pion and D with a very large radius, proportional to the square root of the binding 

energy. In the infinite-mass limit the mass difference must be small compared to 

a pion mass, which isn’t at all the case. While the correction may be big, one may 

hope that it can be accurately taken into account, because the anomalous thresh- 

old contribution can be precisely defined and calculated. But the work has to be 

done. A good place to start may be for the D + K' problem. 

What are the nature of the corrections. 7 One class is basically kinematic; 

reduced mass corrections and kinematic l/M corrections, e.g., coming from small 

components of Dirac wave functions. 27 Other l/M corrections are associated wit.11 
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3. Nonleptonic Decays 

The theory of nonleptonic decays of kaons and even charmed mesons has been 

fraught with uncertainty. This does not create much cause for encouragement that 

things will be manageable for bottom decays. However I am guardedly optimistic 

that under certain circumstances some nonleptonic l3 decays may be comparable in 

cleanliness to semileptonic decays. This statement is subject to plenty of criticism. 

But in this lecture I will try to explain what I mean. 

The starting point for describing nonleptonic B-decays is the naive, unadorned 

current-current Lagrangian 

(3.1) 

In the following we concentrate on only the first, dominant term. There are two 

immediate issues to address. One is how to take matrix elements of this interaction 

between hadron final states. The other is how the virtual hard gluons of QCD 

influence the form of this interaction. With respect to the first issue, one hypothesis 

is that of “factorization,” namely the most important contribution comes from final 

state configurations such that the system on one side of the exchanged W  does not 

talk to that on the other (Fig. 6). This hypothesis in general looks quite arbitrary. 

But there may be circumstances where it is justified. For example in the decay 

B, ---* D,+D, (3.2) 

there may be enough relative momentum of the subsystems and small enough 

interquark interactions to make the final-state effects small. 

a/ 
Figure 6. Factorized decay amplitude. 

Figure 7. Factorized decay amplitude for low mass emitted meson. 

Another class of processes I especially like is shown in Fig. 7. The d sys- 

tem emitted from the virtual W  is presumed to be of low mass,, which eventually 

materializes into a pion or rho. It begins its life as a pointlike color singlet; fur- 

thermore it moves off with a quite large Lorentz -y, of order 5 or so. Therefore its 

evolution from a small, perturbative color dipole is time-dilated! By the time it 

grows into a large, strongly interacting hadron-like entity, it is probably several 

fermis away from its point of origin-and from the spectator system of the parent 

b quark. Therefore it is too late for the final state interaction to occur. I am told 
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F igu re  8.  Factor ized decay  amp l i t ude  for “neu t ra l  current” cont r ibu t ion  

by  exper ts  that this is a  we l l -known p iece  of folklore. Bu t  I d o n ’t know  anywhere  

whe re  the a rgumen t  is la id  out  in  detai l  a n d  m a d e  respectab le .30 

If the a rgumen t  is right, it s e e m s  that it a lso  shou ld  work  for low m a s s  neu -  

tral pairs.  For  example ,  in  charmless  decays  (Fig. 8 )  o n e  cou ld  pa i r  u p  the u? i  

system. Th is  requ i res  rewr i t ing the or ig ina l  weak  Lag rang ian  in  charge-re tent ion  

fo rm by  m a k i n g  a  F ierz  t ransformat ion.  For  the record  the ru les  for these Fierz  

rea r rangemen ts  a re  as  fol lows: 

=  +y , , d~ )  (i i~-,‘c~) +  2  k ( 6 1 , f A d d  (W”tAcL)  

A = 1  

(3 .3 )  

(Here  the tA  a re  one-ha l f  the G e l l - M a n n  3  x 3  co lor  matr ices X A .) O n e  wou ld  b e  

tempted,  therefore,  to d rop  the co lor  octet p iece  (at least  wi th regard  to calculat ing 

the decay  of interest).  T h e  strength of the rema inde r  p iece  is d i lu ted in  ampl i tude  

by  a  factor three because  of this color-s inglet  project ion.  

If factor izat ion works,  the p r o b l e m  of non lep ton ic  decays  is ‘reduced” to that 

of the semi lep ton ic  decays.  I wou ld  not  necessar i ly  expect  it to work  for genera l ,  

gener ic ,  mul t ibody  f inal states. Bu t  m a n y  of the most  interest ing channe ls  a re  

the low mult ipl ic i ty states for wh ich  the above  a rgumen t  appl ies.  1  think it is 

ex t remely  impor tant  that a  carefu l  exper imenta l  p r o g r a m  b e  devo ted  to a  cri t ical 

s tudy of h o w  wel l  factor izat ion works.  W e  wi l l  re turn to this q u  L  st ion later, after 

the compl ica t ions  of ha rd -g luon  radiat ive correct ions a re  inc luded.  

T h e  d iscuss ions of per tu rba t ive-QCD correct ions to non lep ton ic  decays  g o  

back  to the p ioneer ing  work  of Ga i l l a rd  a n d  ( B e n )  Lee:]  a n d  of Al tarel l i  a n d  

Ma ian i3’ m o r e  than fif teen years  ago.  T h e  context  was  non lep ton ic  h ’ decays,  a n d  
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the calculation was a leading-logarithm, renormalization-group analysis. This has 

served as the basic framework for the discussion of the b-decay corrections as well. 

But because the &mass scale is fairly large, not much is lost by looking at only 

tlw lowest order corrections. This is what will be done here, with a guide at the 

end as to how the first order analysis relates to what one finds in the books. 

t 
0.. 

(4 

R + . . . 
(b) 

Figure Y. QCD Radiative Corrections to nonleptonic B decay. 

One starts from the assertion that the effective interaction at the scale of the 

W mass suffers no large ultraviolet renormalization effects. To see how reasonable 

this is, consider the Feyrrman diagrams in Fig. 9. If this is to be regarded as a 

partorl-model process, say resonant quark-antiquark scattering at the W mass, the 

assertion is not at all true. (This is not what Gaillard and Lee assume; they put the 

external quarks all highly virtual, with spacelike mass of order the W mass.) But 

no matter what, there is no ultraviolet divergence in the “factorizable” diagrams 

of l’ig. !)(a), because self-energy and vertex divergences cancel just as in QED. 

The remaining diagrams of Fig. 9(b) converge and have no large logarithms. But 

logarithms will be generated as the energy scale for the process goes down, because 

the W propagator effectively contracts to a point and the remaining amplitude is 

a vertex part cut off at the W mass. 

What about the factorizable pieces in Fig. 9(a)? If the external lines are 

treated as partons, i.e., more or less on-mass-shell, their QCD radiative corrections 

will be much like those in electron-positron annihilation. The total decay width 

into hadron states with ua quantum numbers will suffer only a minor radiative 

correction 

r( W+ -+ u;i + gluons, etc.) 
r(W+ -+ e+vc) 

=]v,d~*(l+~+...) . (3.4) 

But if the final state is restricted to only collinear u and 1 jets and no extra 

gluon jets there will be a big form factor effect. Thus, experience with e+e- 

radiative effects, along with the fact that the presence of factorizable radiative 

corrections does not affect the factorization hypothesis, encourages us to omit 

from further consideration the factorizable pieces and only look at the remainder. 

It is clear that in the remaining terms of Fig. 9(b) the exchange must include a 

unit of charge and an octet of color. Since fermion masses afe neglected, helicity 

is conserved. Up to an overall coefficient this determines the basic form of the 

correction to be 

44 M = g Vcb . f $ Pn F . r&~,,( 1 - y5)tAC] [zYir’( 1 ‘- r5)tAq (3.5) 

where p is the low mass scale of interest. The Feynman diagram calculation gives 

the value of the coefficient to be 

(3.6) 
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(There is still a question, not to be considered further here, of how this piece 

behaves for “parton-model” external lines, and whether infrared effects occur, such 

as for the factorizable piece.) 

We conclude that for the original W-exchange channel, there is no first-order 

correction to the factorization approximation to consider. But of course, Fierz 

rearrangement of this correction will give a color-singlet neutral-exchange contri- 

bution to add to what one gets from the Fierz rearrangement of the leading term: 

UM~~n =~VC~[,-,,,(l-Ys)d] [?ir’(l-rs)c] &ff.:d$ 
> 

(3.7) 

Note that the radiative correction leads to a significant suppression of the leading 

order contribution [cf. Eq. (3.3)]. 

It is now time to make contact with the formalism found in the literature.33 In 

order to sum the leading logarithms, a different combination of interaction terms 

is introduced. Before radiative corrections one writes for the leading term alone 

t = 3 vcb 
r 

f h,,(l --~5)c~~‘(l --ys)d+hp(l --~s)d.W(l -75)c] 

++ h,(l --~5)c~W‘(l -rdd-h4 -rs)d.W”(l -75)c] . 

(3.3) 

This is done because these are the combinations that get multiplicatively renor- 

malized when the higher order effects (which for the b-physics applications are not 

very big) are included. As already mentioned, the solution of renormalization- 

group equations under these circumstances always gives a factor 

Therefore the first line of the equation above gets multiplied by c+, while t.hc 

second line gets multiplied by c-. 

Writing for the running coupling constant 

1 1 b 4v 
44) 

r - + - e. - 
%(P2) * CL2 

with 

b = 33 - 2nf ~ x2.1 
12 

and expanding the renormalization factors out to first order gives 

(3.10) 

(3.11) 

b 4 
I 

-di 
1 t 17a~(~W-- P2 

(3.12) 

In our case the fact that the first order correction is pure color and charge exchange, 

along with the Fierz identities above, allows the radiative correction to be written 

solely in terms of color-singlet-exchange operators: 

= +,(&p(l -75)c.is7’(1 

- 

- 

(3.13) 

-187- 



./ 

and hence 

(3.14) 

Use of the definitions of the anomalous dimensions in Eq. (3.9) allows t.he 

determinations 

bd- = +y = -1. (3.15) 

The choice of renormalization scale p is naturally taken at the mass of the b quark. 

Thus one gets for the numerical value of the expansion parameter 

2 en - 25 0.3 . 4 
7r m: 

The effective Lagrangian is conventionally quoted as follows 

13,fi = :Fv#y~(l -rs)c.isy’(l -%)d 
lb 

(3.16) 

(3.17) 

By our estimates 

+c&yr(l -75)d.V”(l -%b). 

CI z 1.07 c2 x -0.23 (3.18) 

The more official numbers are 

c, = 1.13 c2 = -0.29 (3.19) 

Once the effective lagrangian has been written down, either in first order or 

with the higher orders included, there still is a question of double counting as 

whether the F&z-rearranged pieces should be taken into account phcnomenolog 

ically. Bauer, Stech and Wirbe1,34 in perhaps the most comprehensive study of 

nonleptouic decays done so far, include a parameter C in their analyses 

Ul = Cl + icz a2 = c2 + cc1 . (3.20) 

A vanishing ( corresponds to omitting the Fierz rearrangement and a C of l/3 

corresponds to keeping it all. In their analyses of charm decays a vanishing < seems 

to bc preferred, although it seems to me the value l/3 has more logical consistency. 

Hut thr case for factorization made above is very weak for the charm decays. 

A compendium of iIS\V predictions and data is given in the accompanying 

tablrs. The data has been provided by the Argus35 and CLE036 collaborations 

this year. In general their calculations (which do depend upon their model of 

semilcptonic decays!) work quite well. In particular the Argus group fits their 

branching ratios to the model predictions and obtains as best values’ (assuming 02 

is ntagative) 

(‘1 = 1.03 f 0.09 ai = -0.20 f 0.03 (x’” = 6.5/10) (3.21) 

While again a small < sums to be preferred, the success of this’ fit is grounds for 

encouragement that factorization works. l&It this is not a substi&tc for the direct, 

model independent expc*rimental tests of factorization. 37 Within the prcscnt data 

sc+, there are already so~ne fairly direct tests. We can classify the da(.a as belonging 

to three categories. ‘I’he first is D or D’ plus pions, the second is IJI plus IS’ plus 

possible pions, and t11c third is D or D’ plus D,. 

-1% 



II- Decay MO&S 

I B Drcay Signal Events Bmnrhing Rat.io 

1r + DOa- 12f5 (0.20 f 0.08 + O.OS)% 

n- + DOp- 19f6 (1.3 f 0.4 f 0.4)% 

n- - D’Oa- 9*3 (0.40 f 0.14 f 0.12)% 

n- + D’Op- 7f4 (1.0 f 0.6 f 0.4)% 

B- --+ D*+r-rr- 11 f6 (0.26 f 0.14 f 0.07)% 

n- 4 n(*)OJp- 6f3 SPP text 

n- - D’+T-*-rr” 2ff IO (1.8 f 0.7 f O.S)% 

II- -+ d*)l:rr- 5 f 3 SPC t.rxt 

I 

n- - D*+,-lr-,-,+ <9 < 1.0% at no?4 c.1,. 
n- - J/$1<- 6 (0.07 f 0.03 f 0.01 )%I 

Decay Modes 

B Decay 
-” 
B - D-n- 

Signal Events Branching Ratio 

22 f 5 (0.4R~0.11*0.11)% 

I 
B Branching Ratios (%) 

Mode CI,EO CLE ARGUS Bauer et al. 
1987 0 1985 MCldel2 

n- + DOa- 0.44fO.07fO.07 0.54fO.17fO.11 0.2OzkO.08fO.06 0.48 x 
(“1 + 0.75a2) 

[I- - D*+n-n- < 0.4 0.23fO.15fO.07 0.26fO.14fO.07 

n- i +ri- 0.08fO.02fO.02 O.lOfO.07fO.2 0.07f0.03fO.01 1.01 II; 

n- --* lbrr-*- 0.13*0.09*0.03 0.16fO.ll-fO.03 4.33 a; 

3- + $I<-n+r- 0.12fO.06f0.03 < 0.16 

m- - l//Ii- < 0.05 0.18fO.08fO.04 0.28 a; 

n- + &Ii’- < 0.35 < 0.49 1.91 II; 

1.8f0.8f0.8 0.73 a: 

0.25fO.06fO.04 0.51fO.27fO.14 0.48fO.11~0.11 0.48n: 
-” 
I3 -II *+,- 0.36fO.O9*0.07 0.27f0.13fO.08 0.28fO.09fO.06 0.37a: 

0.7*0.3*0.3 

0.1 lfO.05fO.03 0.35fO.16*0.03 O.llztO.05fO.02 

and neutral B production on the T(4S). 

Table 3: CLEO data36 on E decays. 
I 
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Ikcay hlode Theory 

-is” ---t I)+*- 0.48 a: 

3 ---t 1Pp- 1.25 UT 

7? 4 I~+*- 0.37 0’4 

P -4 D+p- 1.18 ll: 

7i” -i D+D; 0.67 a: 

79 + D+D; 0.73 a: 

7? + D+D; 0.30 a; 

I? -+ D+D, 2.03 a: 

3 --i u+u- 0.17 u;Iv”b/v,,I* 

2 + r+p- 0.46 a$‘,~/Vc# 
I? --t p+*- 0.11 a~lv”b/vJ 

3 + p+p- 0.37 a;(V”b/Vcblz 

3 --t *+L); 0.28 a:lv”*/vcb12 

3 -+ x+ D, 0.40 a:IVub/Vcb12 
2 --t p+D, 0.13 a~lVub/Vcb12 
3 + p+D; 0.82 a~IV,,b/Vcb~2 

7? + *‘Do 0.13 a; 

B” + uODO 0.19 e; 

I? --t p”Do 0.07 a; 

7? -+ p”Do 0.38 a; 

?? -+ i?J/$ 1.02 a; 

B” ---t ?J/ll, 4.36 a; 

7i” -+ D+D- 4.10-2 (I* 1 

B” + D+D- 4.10-2 a* 1 

B” --t DoI\ -3 2.10-Z a* 2 

P + D+O?? 2.10-2 (112 2 

Decay Mode Theory 

B- 4 DOT- 0.48 (al + 0.75~~)” 

B- ---) D’p- 1.25 (01 + 0.34 a2)2 

B- + D%- 0.37 (q + 1.04 a*)* 

B- --, @p- 1.18 (a, + 0.79 es)? 

B- -i DOD- s 
B- --t DOD”; 
B- --t D”0D.i 
B- --, PO”,- 

0.67 a; 

0.73 ai 

0.30 a; ) 

2.02 (1: 

B- --t T’U- 0.08 (al + 1.00 a2)2~~,,b/~cb~2 
B- + rap- 0.23 (al + 0.50 a2)2~Vu,/vcbl~ 
B- + par- 0.06 (al + 2.01 a2)*~Vub/Vcb~* 
B- + POP- 0.19 (al + 1.00 a2)2jV.b/Vc,12 

B- -+ roD; 
B- + n”W,- 
B- + p”D; 
B- ---( p”q 

0.13 a:Ivub/l/,b12 

0.19 afIvub/%bi2 

0.07 a:lvub/v,b12 

0.41 afI~b/&bl* 

B- + K-J/$ 1.01 0; 

B- -+ K-J/11, 4.33 a; 

Table 4: Branching ratios (given in %) for two-particle decay modes of B. 
Iv&l = .05 has been used for the theoretical predictions. From Wirbel.38 

Figure 10. Factorized amplitudes in B and r Decay. 

Observation of the tables invites several checks. The p/u/al ratios are without 

uncertainty because the coupling of charged weak current to those states are de- 

termined in tau-lepton decays (cf. Fig. 10). The Argus group quotes, for example 

I’(%? 4 D+p-) 
I’@ -+ D+?r-) 

= 3.2 f 1.2 

to be compared with the BSW estimate of Eq. (2.6). Also 

T(B + D’p) 
r(B ---t D’r) 

= 2.5 f 1.2 

(3.22) 

(3.23) 

in fine agreement with the BSW expectation of 3.0. The Cornell measurement 

r@ --+ D*+p-) 
r(B” --t D*+r) 

= 5.3 f 2.6 f 2.9 (3.24) 
I 

-19% 

also is in reasonable agreement with the prediction. 

The above predictions evidently depend upon the models of semileptonic form 

factors used. IIowcver, if one puts together the infinite-mass-limit Wisgur pre 

dictions together with the factorization hypothesis, there are no free parameters. 



In addition the final states obtained by replacement of n by D', or vice versa, are 

related. For example, 

r(B -+ D’r+) = cc ITr/(pD + MD)&1 - ~.s)(PB + MB)Y~I* = 1 
I-(B -+ Dx+) ITr-rdf'D + MDM(~ - Y~)(PR + hfB)r512 

(3,25) 

This agrees well both with the BSW estimate of 0.8 and the data. 

Figure 11. Mechanisms for the decay B -+ @n- 

An interesting channel is D'+r-, because the neutral-current piece interferes 

with the charged current piece (Fig. 11). Th e ratio (which has considerable model 

dependence in it) 

r(B- + Do*-) 
r(Bo+ D+r-) 

= (*+0.75$ -(O.EV (3.26) 

tests its presence, but as yet the data is inconclusive. 

Note that upon assuming factorization and the Wisgur limit, the process 

is related to 

B+D,D'+X+x. 

(3.27) 

(3.28) 

This is the endpoint region of the semilrptonic decays whercx r is Iargcst, and form 

factors matter the most. The elastic D and D* channels will bc supprcsscd h> 

at least a factor two by form factor effects. But the total yield, according t.o thr 

sum rule, does not decrease. Th erc ore higher states such as D' + H and/or I>” .f 

should be considerably more prominent than they appear in the overall semilcptonir 

branching ratios. This is clearly evidenced by the data,35 where the branching ratio 

for D*+T-x- is just as large as others. Argus in particular has seen fairly good 

evidence for D" resonances in these higher mass final states as well, 

Figure 12. Mechanism for B decay to 6 final states 

A second class of decays involve psi final states. For this clais of processes, 

neutral current factorization seems to me to be eminently reasonable, namely that 

the c - 1 onium system does not have significant final state interactions with the 
I 

remainder of the system (Fig. 12). Because these processes sense only a2, they are 

an excellent testing ground for the correctness of factorization and the prrsencr of 

the big, destructively interfering QCD radiative correction 

r( B + $K') 
T(B-+GIi) S2*1’ 

(3.29) 
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A good test is in @‘-to& ratios; the expectation is 

r(fj + +‘f;*) 
r( B 4 liJf<') 

= 0.7 UB + li,‘W = o.28 
r( B 4 +Ii) 

(3.30) 

although I don’t see the reason for BSW getting such a big difference in the ratios 

for Ii’ and K’ respectively. In any case, the data is only barely emergent: 

UB + @‘Ii’) ~ 1.3 *o,* r( B --) li,'fi) 
I‘(B -+ $1;‘) r( B --) $11~) 

< 0.6 (3.31) 

Finally the channels D/D' plus D, again provide a combined check of factorization 

and Wisgur. I have not worked this one out. There are new theoretical contribu- 

tions on the subject. 3g I would he surprised if the answer differs a lot from BSW, 

who give 

I'@-+ D'D;) 
r(B+D+D;) 

C-G 0.45 

The data are 

r(B-+D*+D;) 
I-(B-,D+D;) 

- 2.0 f 1.2 

(3.32) 

(3.33) 

I conclude from all this that the BSW approach looks pretty good, but that 

the really quantitative, modelLindependent tests are still in the future. This is a 

very important issue, because the predictions for the very rare decay amplitudes 

proportional to Vub are done the same way, as are those for “Penguin” processes. 

Both classes of decays are vital in a large variety of CP-violation measurements. 

So far there are many calculations and a large number of experimental limits, some 

of which are close to the predictions. But these will not be discussed here. 

4. Exa~~~plc of a CT-Violating Process: Bd -+ ~T+T-T~ 

We conclude with a prototype of the kind of studies of CFviolating effects in 

the U system which is being pursued so actively nowadays by both experimentalists 

and theorists. The process I have chosen has some of the richness of complicated 

casts under study and the simplicity of the by now classic channels discussed in 

the first lecture. 

The decay 

+ f$,-+* K- 110 (.4.1) 

can be described by specifying the amplitudes for producing the pions at a given 

point of the Dalitz plot (Fig. 13).40 

Figure 13 Dalitr plot for tjd - 371 

We see from the figure that there are probably three regions of importance 

corresponding to collinear final state configurations with any one of the three pions 

-192- 



being the isolated one. The interior of the Dalitz triangle is very likely to be quite 

sparsely populated, although it is not at all out of the question that events will 

in fact be found there. The angular momentum of the low mass dipion, if formed 

from a Q -ij pair created in the weak transition, must be unity; hence a p. If this is 

not the case, and the dipion includes the absorption of the spectator system, then 

its angular momentum can be anything. Spins 0, 1, and 2, for both charged and 

neutral pion pairs, are all interesting. 

According to the diagrams in Fig. 14 we see that the horizontal and vertical 

edges of the Dalitz plot will be fed by both B and B via charged-current factoriza- 

tion amplitudes. The diagonal edge is neutral-current, again fed by B and B, but 

no doubt relatively small. And on the horizontal and vertical edges of the triangle, 

the “background” of non-p-wave dipions comes only from B or B, not both. But 

a background can in general be expected. 

Let us now generalize the analysis of the time-dependent interference effects 

expected when a Bd is produced in association with a B whose identity is known 

with certainty. [There are complications when the process occurs at the T(4S) and 

the associated particle is a neutral B itself (undergoing mixing). The quantum 

mechanics is beautiful but does not change the essence of the CP-violation physics 

we are discussing here.] 41 We need four different decay amplitudes, namely 
Figure 14. Decay mechanisms for Bd -+ 3n 
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A=6-a (4.6) 

is the strong-interaction phase difference of the two amplitudes into F and F. 

Right away, we see that averaging over the identity of the initial B/B removes all 

oscillatory contributions to the decay into the final state F (or F). Thus the basic 

asymmetry to consider is 

AF(~) = 
n(&(t) -+ F) -@d(t) -+ F) 
“(&(t) ---) F) + @d(t) --* F) 

(4.7) 

= (~)cosAml+(~~sin(2a-A)sinArnt. 

This asymmetry averaged over F and F gives 

- 
f (AF + A+) = - (s) (cos2a)(sin A) sin Amt (4.8) 

and vanishes in the absence of relative final-state phases 6. On the other hand, 

the double asymmetry survives even in the absence of final-state effects associated 

with 6: 

cos Aml  

(4.9) 

+(&) (sin2a)(cos A) sin Amt . 

We see that, not surprisingly, a necessary condition to see CP violation via inter- 

ference of mixing and decay is that the amplitudes M and %i be not too different 

in magnitude, although even a ratio of a factor three in amplitudes only gives a 

factor 0.6 dilution in possible interference effects. 

Only if backgrounds are present underneath the expected dominant px chan- 

nels will 6 be nonvanishing. If this is the case, the analysis is clearly more compli- 

cated. But there are also more interference effects and therefore more handles on 

determining the CKM phase of interest (which clearly is twice a, the same as in 

the simpler H -A channel). For example, were a = u/2, and were enough informa- 

tion on the strong amplitudes known, the CP violation might still be observable. 

Bow well one does depends upon how well all the contributions are understood. 

This in turn must come from understanding the overall Dalitz distribution. In- 

formation on this in turn comes from three-pion final states in charged B  decays. 

If factorization is trusted (and the measurement is feasible) even the semileptonic 

decay into pion-pair plus dilepton contributes information. 

But the main message I want to leave here is that angular correlation mea- 

surements in CP violating processes promise to be powerful handles-and perhaps 

interference between different well-understood strong amplitudes will provide even 

more handles.42 What turns out to be useful will be greatly shaped by the nature 

of the data itself. 

5. Concluding Remarks : 

What comes next? Of course the next round of data will as always be very 

welcome. But meanwhile there are a lot of theoretical issues to deal with: 

1. Corrections to the Wisgur limit need classification and estimation. Especially 

important to understand is the apparent large suppression of axial-current 

matrix elements in D decays and whether anything like that is seen in the n 

system. 
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2. There is more to do on the Wisgur limit itself. Important to me is the 

question of sum rules for B decays into charmless final states. Work on that 

is underway. 43 And QCD radiative corrections to all of the sum rules need to 

be understood. There probably is more to be done with Penguin processes 

and matrix elements of the neutral current operators. 

3. Critical studies of factorization, both for neutral and charged channels, are 

needed. They should be as model-independent as possible. 

4. On the experimental side it will be nice to see more on the nature of the Zs 

final states. The Wisgur developments impact on them in an interesting way. 

5. In the Wisgur limit, we saw that in some cases the decay properties of heavy 

baryons are simpler than those of the heavy mesons. This may stimulate 

more attention on this important sector, both experimental and theoretical. 

In these lectures much has been left out. But I hope that at the least the 

reader shares this author’s view that B-physics is of vital importance and will 

be around for a long time. But to do it justice will require the building up of a 

large data base. Already a principal limitation to the extraction of useful results 

lies in the inadequacies of the theory. But there is a lot of progress, along with 

possible obstacles. It is clear that there is great opportunity for fruitful interplay 

between theory and experiment, and that there may be emerging relatively model- 

independent ways of dealing with semileptonic processes. And if factorization can 

be trusted-at least in a set of limited but well-defined cases-the progress in the 

semileptonic-decay theory will spill over to nonleptonic decays as well. The exam- 

ple of the preceding section shows full well how interconnected all these questions 

are. There may be a lot of apparently tedious work ahead between now and that 

hopeful, wonderful world of CP-violation measurements. But having done it may 

ultimately pay off in a big way. 

-196 



REFERENCES 

1. A  good source is F. Gilman, Proceedings of the 17th SLACSummer Institute, 

Stanford, CA and SLAC preprint SLAC-PUB-5156 (1989). 

2. One must pay attention to QCD radiative corrections; more mention of this 

is made in Section 3. 

3. H. Fritzsch, Phys. Lett. m, 436 (1977); ibidm, 317 (1978). 

4. B. Stech, Phys. Lett. l-X@, 189 (1983). 

5. See the lectures of Gordon Kane, these proceedings. 

6. Y. Nir and D. Silverman, Phys. Rev. m, 1477 (1990). 
16. N. Isgur and M. Wise, Phys. Rev. m, 2388 (1990). 

17. N. Isgur and M. Wise, Toronto preprint UTPT-90/03; H. Georgi, Harvard 
7. See the lectures of Persis Drell, these proceedings. 

8. A  recent analysis is given by F. Gilman and Y. Nir, SLAC preprint SLAC- 

PUB-5198 (1990), to be published in Ann. Rev. Nucl. Part. Sci. 

9. See for example SLAC/LBL/Caltech report SLAC-353/LBL-27856/CALT- 

68-1588 for a recent study on how this is proposed to be done. 

10. J. Hagelin, Nucl. Phys. &.$I& 123 (1981); T. Altomari, L. Wolfenstein, and 

J. Bjorken, Phys. Rev. m, 1860 (1988). 

preprint HUTP 90/A046. 

18. N. Cabibbo and L. Radicati, Phys. Lett. 19, 697 (1966). 

19. J. Anjos et al., Phys. Rev. Lett. 62, 1587 (1989). 

20. J. Anjos et al., Phys. Rev. Lett. a, 2630 (1990). 

21. M. Wirbel, B. Stech and M. Bauer, Z. Phys. m, 269 (1985). 

22. N. Isgur, D. Scora, B. Grinstein and M. Wise, Phys. Rev. m, 799 (1989). 

’ 23. N. Isgur and D. Scora, Phys. Rev. m, 1491 (1989). 
11. N. Isgur and M. Wise, Phys. Lett. m, 113 (1989); ibid, m, 527 (1990). I 

24. M. Baucr and M. Wirbel, Z. Phys. m, 671 (1989). 
12. Considerable study of the limit and the corrections thereto exists, based 

on work of P. Lepage and B. Thacker, Field theory on the Lattice, ed. A. 

Billoire, Nucl. Phys. B4, (Proc. Suppl.), 119 (1988). See E. Eichten, above 

reference, p. 70; also E. Eichten and B. Hill, Phys. Lett. m, 511 (1990), 

and B. Grinstein, Nucl. Phys. m, 253 (1990). 

-197- 

25. F. Gilman and R. Singleton, Jr., Phys. Rev. @&I, 142 (1990). 

26. J. Koerner and G. Schuler, Z. Phys. C38, 511 (1988). 

27. A. Falk, B. Grinstein and hl. Luke, Harvard preprint HUTP-90-A044 (1990). 

28. A. Falk, Il. Georgi, B. Grinstein and M. Wise, Nucl. Phys. I&+& 1 (1990). 

13. J. Bjorken, in ‘LResults and Perspectives in Particle Physics,” ed. M. Greco, 

La Thiule, March, 1990 (Editions Frontieres, Gif-sur-Yvette, Cedex, 

France), p. 583; A. Falk, H. Georgi, B. Grinstein, and M. Wise, Nucl. Phys. 

&‘Q, 1 (1990). 

14. M. Wise, Particles and Fields 3: Proceedings of the BanflSummer Institute 

(CAP) 1988, ed. N. Kamal and F. Khanna, p. 124 (World Scientific, 1989). 

15. See for example, C. Allton, C. Sachrajda, V. Lubicz, L. Maiani, and G. Mar- 

tinelli, Southampton preprint SHEP 89/90-11 (June, 1990), and references 

therein. 



29. I learned this from M. Wise (private communication). 

30. There is work on this underway by M. Dugan and B. Grinstein (private 

communication). 

31. M. Gaillard and B. Lee, I’hys. Rev. Lett. 3& 108 (1974). 

32. G. Altarelli and L. Maiani, Phys. Lett. IX& 351 (1974). 

33. See for example, F. Gilman, Proceedings of the 14th SLAC Summer Instilufe, 

SLAC312, ed. E. Brennan (Stanford, 1986), p. 191. 

34. M. Bauer, B. Stech and M. Wirbel, Z. Phys. m, 103 (1987). 

35. II. Albrecht cl al., DESY preprint 90/046 (1990). 

36. D. Cassel, Cornell preprint CLNS 90/1014 (1990). 

37. A recent test using CLEO data has been done by D. Bortoletto and S. Stone, 

Cornell preprint CLNS 90/1018 (1990). 

38. For example, cf. M. Wirbel, Dortmund preprint DO-TH89/5. 

39. T. Mannel, W. Roberts and Z. Ryzak, Harvard preprint HUTP 90/A047 > 
(1990). 

40. An alternative analysis technique using partial wave expansions has been 

carried out by I. Dunietz, H. Quinn, A. Snyder, W. Toki and II. Lipkin, 

SLAC preprint SLAC-PUB-5270. 

41. A nice discussion is given by H. Lipkin, Wisconsin preprint WIS99/72/PH 

(1989). 

42. For additional discussion see B. Kayser, M. Kuroda, R. Peccei and A. Sanda, 

Phys. Lett. m, 508 (1990) and references therein. 

43. J. Bjorken, I. Dunietz and J. Taron, in preparation. At the time of this 

printing, we stem to have found the sum rule. 

-198- 



EXPERIMENTAL ASPECTS OF B PHYSICS * 

Persis S. Drell 

Laboratory of Nuclear Studies 
Cornell University 
Ithaca, NY 14853 

1. Introduction 

The first experimental evidence for the existence of the b quark came in 1977 
from an experiment at FNAL”’ in which high energy protons were scattered off 
of hadronic targets. A broad resonance, shown in Fig. 1, was observed in the plot 
of the invariant mass of muon pairs seen in a double armed spectrometer. The 
width of the resonance was greater than the energy resolution of the apparatus 
and the data were interpreted as the three lowest lying quark anti-quark bound 
states of a new quark flavor: b flavor, which stands for either beauty or bottom. 
These bb bound states were called the f, Y’, and Y”. 

When the & bound state, the J/qb, was discovered, it was found simulta- 
neously in proton-nucleus collisions at Brookhaven IN and at SPEAR’“’ in e+e- 
collisions. However, it took a year for the e+e- storage ring, DORIS, to confirm 
the f discovery:’ and it was still 2 years later that the then new e+e- storage 
ring at Cornell, CESR, also observed the Y(lS), T’(2S), T”(3.57 states and dis- 
covered a fourth state, T”‘(4S)!“] Both storage rings were easily able to resolve 
the states of the Upsilon system. Figure 2 shows the observed cross section at 
CESR versus energy in the Upsilon region, and although the apparent width of 
the 3 lower lying resonances is due to the machine energy spread, the true width 
and the leptonic width of the T could be inferred from the peak cross section 
and the leptonic branching ratio!’ The leptonic width is proportional to the 
square of the quark charges inside the Upsilon and the b quark was inferred to 
have charge l/3. 

The T(lS), T(2S) and I”(3S) and the other bound states of the d system 
are interesting objects. By studying the energy splitting and decay modes (much 
like an atomic physicist studies the spectrum of an atom) one learns a great deal 
about the QCD potential that binds the quarks. However, our interest will be in 
center of mass energies of the Y(4S) and beyond, where there is sufficient energy 
to make B mesons: mesons made from a b quark and a light quark, and which 
carry the b quantum number. 

The width of the T(4S) as shown in Fig. 2, is about 24 MeV, which is 
greater than the 2 MeV energy spread of CESR. The T(45’) is broad because 

*Work supported by the National Science Foundation. 
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it can decay directly into a pair of B mesons. A B meson produced at the 
T(4.S) is the lowest mass particle containing a b quark and so in order for it 
to decay, the flavor of the b quark must change. It can turn into a c quark for 
example, and that means the B meson must decay weakly since both the strong 

.and electromagnetic interactions conserve flavor; only the weak interactions can 
change flavor. 

We can use the decays of the B mesons to probe the structure of the weak 
interactions of quarks. What we will find is that in large measure, we will be 
probing the Cabibbo-Kobayashi-Mashawa (CKM)“’ matrix. As is discussed in 
detail elsewhere!’ the eigenstates of the weak interactions are not the same as the 
flavor eigenstates of the strong interactions. In quantum mechanical terms, flavor 
is a symmetry of the strong interactions, so the strong interaction is diagonal on 
the quark flavor basis. The weak interactions are diagonal on a different basis 
and there is some unknown and undetermined transformation matrix, the CKM 
matrix, that relates the two bases. 

This is not conceptually different from the problem faced when solving the 
Zeeman effect or the Stark effect for the hydrogen atom. The two perturbations 
have different symmetries, they have different conserved quantum numbers, and 
therefore they are diagonal on different basis sets. The perturbed wave functions 
exhibit the symmetry of the Hamiltonian. The different bases can be related by 
a linear transformation from first principles. In the case of quark mixing, unfor- 
tunately, we cannot construct the transformation matrix from first principles. A 
large part of our task, therefore, in studying the weak interactions of quarks, is 
to determine the 3 x 3 matrix that relates the eigenstates of the weak interaction 
to the flavor eigenstates of the strong interactions. 

The organization of these notes will be as follows: first I will discuss the basic 
properties of the B mesons: how they are produced and where; basic features of 
B decay; and basic properties of the mesons such as mass, lifetime, and spin. In 
the next section, I will concentrate on the semi-leptonic decays of the B mesons, 
which is a very rich field from which a great deal of information has been gleaned, 
and I will discuss the measurements of the CKM matrix elements that can be 
made with B mesons. The final chapter will try to look into the future. With new 
experiments at LEP and SLC, we are starting to learn how the b quark couples 
to the Z”. Furthermore with the turn on of CLEO II at CESR, we hope to have 
much greater power to probe B decays. I will end with a brief discussion of some 
of the proposed experiments that hope to find the holy grail of B meson physics: 
CP violation. Let me make a disclaimer. Since the emphasis of these notes is 
meant to be pedagogical, I am not attempting to give an exhaustive review. I 
will not mention every result on a particular topic, but tend to concentrate on 

one or two particular examples. 

2. Basic Properties of B Mesons 

A. Production of B Mesm 

The mass of the bottom quark is approximately 5.0 GeV, and technically, 
there are four B mesons: 8. = bfi, B,j = bd, 8, = U, B, = b13. The first two 
of these, referred to as B- and B”, are the only established B mesons. There 
is indirect evidence for the B, although it is not overwhelming. I wilI discuss, 
almost exclusively, properties of the low mass mesons: B- and p. 

B mesons are produced at all e+e- machines with a center of mass (CM) 
energy greater than twice the mass of the B meson or fi z 10.56 GeV. The most 
copious producers of B meson physics have been the CLEO detector operating 
at the storage ring CESR at Cornell and the ARGUS detector operating at 
DORIS at DESY in Germany. These experiments take the bulk of their data 
on the T(4S) (& = 10.58 GeV) which is just above threshold for B meson 
production. The T(4.S) decays almost exclusively to pairs of B mesons. ARGUS 
and CLEO have accumulated roughly 250,000 Y(4.S) decays or 500,000 B mesons 
each. The mass of the meson is about 5280 MeV and the Q of the reaction is 
only 10.580 - 2 + 5.280 = 20 MeV, so there is not any room for an extra pion. 
Both these experiments produce a pair of B mesons nearly at rest (p = 96) and 
nothing else. The advantage of this will become evident when we talk about 
reconstruction of B mesons. The peak cross section at the ‘T(4S) is about 1.2 
nb sitting on approximately 3.5 nb of what we call the continuum background, 
which is made of events where e+e- annihilate and make a light quark pair. 
The advantages of the T(4S) are that a B and a B are produced, with no other 
particles, and the signal cross section and the signal to background ratio are high. 
The biggest disadvantage of the T(4S) is that the B’s’are produced essentially 
at rest. The average B travels 20 pm from its production point before decaying, 
and it decays isotropically. (The B has spin 0.) The decay products of the two B 
mesons that are produced overlap, and the combinatoric background to sorting 
out which particle belongs to which B is substantial. 

The other e+e- machines that make or have made B mesons are PEP, PE- 
TRA, TRISTAN, SLC and LEP. At PEP and TRISTAN energies one has the 
disadvantage that both the cross section to produce B’s and the ratio of signal 
to background are much lower than at CESR and DORIS. The cross section to 
produce b quarks is approximately .03 nb at & = 29 GeV, and bb events make 
up about 10% of all hadronic events. The big advantage of these machines is 
that the B’s are produced with a substantial boost. At PEP and PETRA, the 
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average B meson travels almost a millimeter before it decays. That is a long 
distance on the scale of vertex detector accuracies, and both PEP and PETRA 
have done nice B physics by identifying B events using separated vertices. Most 
importantly, they have been able to use the measured flight path of the B to 
derive its lifetime: a measurement which the T(4S) machines cannot do. 

l SLC and LEI’ have the advantage that PEP and PETRA do of producing 
B’s with substantial boost. The cross section to produce a pair of b quarks 
is a substantial 6 nb; larger, in fact, than the production cross section at the 
Y(4S). Signal to background is more of a problem since many other particles are 
produced at the Z resonance, but I expect that the LEP and SLC experiments 
will contribute alot to B physics in the next few years. 

Of course, proton machines can produce B’s also. In fact, proton machines 
such as the SppS and the Tevatron have produced more b quarks and B mesons 
than all the other machines put together. The cross section to produce a bb pair, 
which is dominated by gluon fusion, is approximately 1Opb (that is 4 orders 
of magnitude greater than the cross section at the T(4S)) at & = 630 GeV 
and goes up to as high as 50pb at 2 TeV.” With this enormous cross section 
why haven’t we seen more b physics from pp colliders? There are two problems. 
The most basic and fundamental is that while the cross section to produce a 
pair of b quarks is large, the total inelastic cross section is enormous so that 
a~~lmol - l/1000 at the Tevatron. Extracting bottom physics from everything 
else going on is a tremendous challenge. The second obstacle to B physics at pp 
colliders is that experiments such as CDF and UAl are designed to do physics 
with high pt leptons; leptons with a minimum of several GeV of momentum 
transverse to the beamline where Z’s and W’s are. To have good acceptance 
for leptons from b decays, one must be able to accept tracks with quite low 
(- 1 GeL’)pt. I mention leptons specifically since in order to separate b physics 
from the enormous background, one invariably needs to use leptons in the final 
state. Furthermore, CDF, for example, has no particle identification for H - h’ 
separation, and no vertexing capability which the fixed target charm experiments 
have taught us can be very useful. This will be dramatically improved in the 
next collider run with the addition of a silicon vertex detector. 

C 
“U‘,Y‘.c”J “L G..yL.““A.ds’a‘ “.A”s..‘y..‘.. .v. - r--J--- 

&M Nb/Experiment to date abb ~bb/~had +I- 

0.58 GeV 500,000 1.2 nb 1.213.5 +a@), SIB 

e+e- +T(4S) + BB 

-j-J- B’s at rest 

29 GeV 15,000 .03 nb l/10 +rB- 

e+e- -SJB,o(bb) 

-b&X 

92 GeV 

e+e- 

630 GeV 

PP 

1.8 TeV 

PP 

15,000 

10s 

5 * 10s 

6 nb I/5 

1Opb l/5000 

50pb l/1000 

+7Sfl 

+S/B,&) 

-b&X 

+YBCT 

+o(bb) 

-SIB 

-b&X 

- Trigger 

1 

This is not to say that B physics is impossible at proton machines. In fact, 
as shown in Fig. 3., CDF can reconstruct B mesons in the highly supressed (but 
very clean) channel B -+ ~/JIC-!‘“’ They have 16 f 6 such events (compared to 
17 from CLEO and ARGUS and combined). They do Ihave more background, 
but it is an impressive achievement. 

Table I gives a summary (not meant to be exhaustive) of the various exper- 
imental techniques for B physics and some of the advantages and disadvantages 
of each. 

Before proceeding to discuss how B mesons decay, now that we know how 
to produce them, I want to discuss the production of B mesons at the T(4S) in 
a little more detail. 

We know that the T(4S) decays into both charged and neutral B mesons 
(B-, B”). What is the fraction of charged mesons produced relative to neutral? 
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Figure 3. CDF data for B- + J/$IC-. 

Are equal numbers of charged and neutral produced? Most of our results will 
depend on the quantities f+ and fs: the fractions of T(4S) decays to charged 
and neutral B  mesons. 

The reason for the dependence is simple. Suppose, for example, we recon- 
struct N charged B  events in a particular decay mode with efficiency c. The 
measured branching ratio to that mode is N/cN+ where N+ is the total number 
of charged B’s produced. So, N+ = f+Nr(,s, = f+ J Ldto~(,s) where J Ldt 
is the integrated luminosity and ~~(4s) is the T(4S) cross section. Clearly, our 
measured branching ratio depends on f+! We will assume f+/fs is 1, and I will 
give you some justification for that when we discuss the masses of the charged 
and neutral mesons. 

Another problem we will constantly be struggling with is that for all our 
measurements, whether from inclusive or exclusive processes, we must worry 
about contributions from the continuum: the background under the T(4S) reso- 
nance of qcj -+ UU, da, 6, SS events. Both ARGUS and CLEO take a substantial 
amount of data (30% of the integrated luminosity in the case of CLEO) on the 
continuum 60-100 MeV below the T(4S) resonance. This is below Bi? threshold 
and this continuum data sample, properly scaled for the difference in luminosity 
and energy, can be used to subtract off continuum contributions to B  meson 
signals at T(4S) energies. 

Implicit in what I have just said is we are assuming that r(4S) + Bi? 100% 
of the time. This is almost certainly not the case. We know that $” decays to 
non-Dl) final states!“’ and 4 -+ non-KK final states. The relevant question is 
what is the fraction of non-BB decays of the T(4S)? We don’t know the answer, 
but we can put a limit on it. 

Consider the momentum spectrum of tracks from T(4S) -+ BB + X. The 
maximum momentum of any track is just half the mass of the B  meson. However, 
in a direct decay, T(4S) -+ X, one can in principle get out tracks with half the 
CM energy. We can look at the inclusive momentum spectrum of all tracks 
from data taken at the T(4S) energy, shown in Fig. 4, and once we scale the 
continuum spectrum for the difference in luminosity and subtract it using our 
below resonance data, we see that T(4.5’) decays do not produce tracks with 
momentum higher than M~c/2, half the B  mass. Of course, to get a limit on 
non-BB decays out of this requires some assumptions about bow the f(4S) 
decays to non-BB final states. If non-BB decays are like continuum events 
below BE threshold then q = u(T(4S) ---t nonB~)/a(Y(4S) -+ BB) < 3.8%. 
On the other hand if the non-BB decays are like three-gluon decays of the 
T( lS), q < 13%, both at 90% confidence level!“’ 

The fraction of non-BB decays of the r(4S) IS small but. we t,hink we know it 
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continuum contribution, scaled for the difference in luminosity and energy. 
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energy. 

is not zero. Both CLEOu3’ and ARGUS”” report seeing r+!~ mesons produced from 
T(4S) decays which are too energetic to originate from B decay. The spectrum 
of r/~‘s from the T(4S) at CLEO is shown in Fig. 5. The kinematic limit for a 
Cc, coming from the decay of a B meson is indicated and clearly there are events 
past that limit. Because we don’t know what else to do, we will assume that 
T(4S) -P l3B 100% of the time and that f+/fo = 1. But keep in mind there is 
uncertainty in those numbers. 

B. Decays of B Mesons 

We are now ready to discuss how B mesons decay. In order to decay, the 
6 quark in the B meson must change its flavor, and this can only happen in a 
weak decay. According to the GIM mechanism t”’ the neutral weak currents (Z” 
emission) conserve flavor, and it is only by W* emission that quarks can change 
their flavor. The most simple minded picture of Do decay is shown in Fig. 6a. If 
we ignore the light quark (this is the “spectator model”) then the decay of a B 
meson looks like muon decay. There are, of course, a few additional subtleties: 
we need to include a factor of Vcb at the W vertex since mesons are made of 
quarks of definite flavor, but the weak eigenstates are not flavor eigenstates so 
we need the appropriate CKM matrix element to convert between them. There 
will be form factors that describe how to turn free quarks into hadrons, and the 
decay rate will also depend on the available phase space. 

There are two spectator diagrams for both charged and neutral B’s shown 
in Fig. 6a., one where the b quark turns into a c quark and the other where a 
b quark turns into a u quark. As we shall see later, v,,b << I&, and b decays 
to charm dominate. We will discuss the measurements of Vub and Vcb at length 
when we discuss semi-leptonic decays of the B. We should just note that l/lb is 
the dominant CKM matrix element involving 6 quarks, and given a chance, a b 
quark would preferentially decay to top. Of course, it is not given that choice. 
A b + 1 decay is kinematically forbidden which helps keep the B lifetime long! 

We can make a very simple prediction for the semi-leptonic branching frac- 
tion of the B meson based on this quark level diagram. If we assume that b -t c 
transitions dominate, then the total decay rate is just the sum of the partial rates 
for the W to decay to iid, Es, e-iic,, p-V,,, and r-ii,. For the quark decay modes 
we must allow for the 3 possible color states, and we must take into account the 
smaller phase space for the charm and tau decay modes. We find 
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From this we can calculate that Br(B + efiez,) N Br(B + /LV,,Z~) = & = 16% 
which is large! Naively we predict almost 30% of B decays to electrons and 
muons in the final state. If we include QCD corrections to hadronic final states 
(gluon radiation) this decreases the leptonic branching ratio to about 13%. The 
measured semi-leptonic branching ratio for B’s is 10.4% for each electron and 
muon. The difference between the measured value of 10.4% and the theoretical 
expectation of 13% is not understood, although there is speculation that non-BB 

14 decays of the T(4S) could account for it. 

In the simple spectator model of B decays presented so far, we treat charged 
and neutral B’s identically, since they differ only in the flavor of the light quark, 
and we are ignoring the possible influence of the light quark. We would predict, 
based on this model, that the lifetime of the charged and neutral B are identical. 
If we allow ourselves to be a bit more sophisticated, we quickly see that this is 
not necessarily the case. 

If we look at all the possible first order diagrams describing B decay in Fig. 
6a-d, we see that the spectator diagram is the dominant way for the B- to decay, 
but that the B” can decay both via a spectator process, and a W exchange. 
(There is an annihilation contribution to the B- decay, but that is supressed by 
the vertex factor Lib.) What is the importance of the exchange contribution to 
the B” lifetime? If we look at the D mesons, for which one can draw an entirely 
analogous set of decay diagrams, we might be tempted to conclude that as go 
the D’S, so go the B’s, Since we know there is a large difference in the charged 
and neutral D lifetime (~+/rs - 2.4)“” due in part to the contribution from 
the exchange diagram and possibly also due to interference with color mixed 
diagrams, we should perhaps expect that the B- lifetime will be larger than 
B”. In fact, because the b quark is so much heavier than the light quarks, it is 
thought that the non-spectator diagrams will be less important in B decay than 
D decay and the charged to neutral lifetime ratio will be closer to one. At the 

moment, it is an open experimental question. 

We can summarize some useful general features of B meson decay, which will 
serve as a guide on how to do experiments with B mesons. 

(1) The branching ratio to leptons is large. Our naive calculation gave 30% 
of B decays are to electrons and muons. In fact the measured branching 
ratio is: Br(B --t Xefi) = Br(B + Ypfi) = 10.4%. 

(2) The branching ratio to any exclusive mode is small!“The largest mea- 
sured branching ratios are for modes like B- + D’+n-zr-zr’ or B” -+ 
D’+r-r-n+r” with branching ratios of 2-4%. Typical branching ratios 
to a given exclusive mode are less than 1%. Given the large Q of the 
B decay of almost 3.5 GeV, the large multiplicity of decay modes is not 
surprising. 

(3) The average Y(4S) decay into a pair of B mesons has 11 charged particles 
and 10 photons in the final state!‘*] The combinatoric backgrounds to 
reconstruction are substantial since the decay products of the 2 B’s overlap, 
and good neutral and charged particle information is crucial to do physics. 

(4) By looking at the inclusive momentum spectrum for decays such as B + 
D*+z, D’z, D+z, we can see how often the charmed mesons are produced 
in a two-body decay. In a two-body decay B + Dz, the D will come off 
roughly monochromatically. Figure 7 shows the inclusive D spectrum vs 5 
where I = p~/p,,,~~~*’ and in fact the spectrum is rather broad, indicating 
a predominance of multi-body decays. 

C. The Spin of the B Meson 

We would expect that B mesons produced at the T(4S) are spin 0 rather 
than spin 1 since the observed pseudoscalar states are lighter than vector states 
(i.e., D’ - D, I(* - I( etc.). The way the spin of the B can be determined is 
by looking at the production angle of the B’s relative to the beam line. This is 
done using B’s which are fully reconstructed (so J?B is known) using techniques 
I’ll describe in a minute. 

The T(4S) has the quantum numbers of the virtual photon and is in a J = 1, 
Jz = fl state. If the Y(4S) decays to a pair of spin 0 particles, then angular 
momentum must go somewhere so the 2 B mesons come off in a relative P state 
with a sin% angular distributionizo’ (0 is the angle to the beam axis). Figure 
8 shows the polar angular distribution of reconstructed B’s indicating a sin*0 
distribution!” 
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D. The Masses of the B Mesons 

The masses of the light B mesons are measured by CLEO and ARGUS using 
the same techniques: exclusive reconstruction. The basic idea is to fully recon- 
struct a B meson from its decay products. All the decay modes that ARGUS and 
CLEO fully reconstruct have either a charmed particle (Do, D+, D’+, D*‘) or 
a particle with hidden charm (J/q) in the final state, thereby taking advantage 
of the dominant decay chain b -+ c. 

Figure 9 shows the mass distribution for Kerr+ combinations for hadronic 
events from the T(4S) and from the continuum. “P’Since the Do coming from a B 
can have an energy of at most half the B energy, the energy of the D candidates 
has been restricted to be less than half the beam energy which is the kinematic 
limit for a 2 body B decay. We see a signal on top of a substantial combinatoric 
background from continuum. (The histogram is obtained from data taken below 
the T(4S) resonance.) To form a B, the heavy meson candidate (such as the 
0’) will be required to be within 20 of its known mass. It will then be combined 
with other tracks in the event to form a B candidate,i.e.,D’rr+. 

We can take advantage of the topology of events to reduce background in 
the reconstruction process. Because the B has spin 0, the angle between the 
B direction and the beam axis is proportional to sin*O. The continuum events 
are isotropic so we can reject 20% of the continuum background with a cut 
(cos0g( > 0.8, and only lose 5% of the signal. The event shape can also be 
used to supress continuum. Continuum background events are supressed by 
exploiting the fact that the spatial distribution of the decay products of the 2 
B’s are uncorrelated, while continuum events are jet-like. Finally, the energy 
difference between the measured energy of the B candidate and the beam energy 
(the true B energy) must be within 2a of 0. This is to exclude genuine B decay 
candidates where an additional particle has been missed in the analysis, and it 
is also sensitive enough to reject candidates with tracks that have been given the 
wrong mass assignments. 

For particle combinations that pass all of these cuts, we can now compute a 
mass for the B meson candidate. The obvious thing to do is to compute 

M:, = II -&I2 - [CP;12, 

1.6 1.8 2.0 2.2 
Kn Moss (GeV/c’) 

Figure 9. K-a+ mass distribution from CLEO for data taken at the T(4S) (dots) 
and continuum (histogram) showing Do signal. 

where the subscript i refers to the tracks making up the candidate B meson. We 
can rewrite the above expression as 
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M,+ - M,o = 4.59 Mel/ 

hfK+ - MKO = -4.02 MeV 

MD+ - MDO = 4.74 MeV. 

Cle’arly there should be a mass difference between the charged and neutral B 
mesons of a few MeV, with the neutral meson being slightly heavier due to the 
splitting of the up and down quark masses. Neither ARGUS nor CLEO confirms 
this and it is a puzzle. 

I said earlier that a mass difference between the neutral and charged mesons 
would affect the production ratio, Jo/f+. If the two mesons have equal masses, 
then the phase space for T(4S) -+ B+B- or T(4S) + BOB0 is identical so you 
might conclude that the charged and neutral mesons are produced in equal abun- 
dance. That assumption is a bit naive because it neglects coulomb interactions 
between the final state mesons. The charged mesons attract each other, enhanc- 
ing the value of the meson wave functions at the origin, and that can enhance 
production by as much as 18%“” rf the B mesons were point like particles. Peter 
Lepage has recently done a calculation pointing out that this too is naive?’ The 
structure of the mesons cannot be ignored and he finds somewhere between a 3% 
supression and a 4% enhancement of charged B production near threshold. For 
the moment, we will use f+/fo = 1 based on AM being very close to zero and 
Peter’s calculation which says the coulomb corrections don’t give big surprises. 
In the future, a sample of double tagged events: events where we can reconstruct 
both B’s in the event, wilI allow us to actually measure f+/fo. 
E. B Meson Lifetime 

The measurement of the B meson lifetime is important for two reasons. 
It is a fundamental parameter of the meson, and it can be combined with a 
measurement of the semi-leptonic branching ratio to determine v=b, the CKM 
matrix element. 

The B lifetime is measured at PEP and PETRA energies where the meson 
is produced with a sufficient boost to travel a measurable distance before it 
decays. The difficulty faced in this experiment is that bb events are only - 10% 
of the total hadronic event sample. The b sample must be enhanced before the 
lifetime can be measured. There is a very nice review by Rene Ongr”’ which 
summarizes the techniques commonly used in making a B lifetime measurement. 
I will concentrate on a single method. 

The B meson decays to a lepton roughly 20% of the time. Leptons from 
B decay have higher transverse momentum relative to the parent B direction 

than leptons from charm or light quark decays due to the high mass of the b 
quark. By requiring events with leptons that have a pt of greater than 1 GeV/c 
with respect to the thrust axis of the event, which is taken as the estimator of 
the parent B direction, the Mark II at PEP was able to obtain a B fraction of 
(65f5)% in their event samplell)lOnce a B enriched data sample is obtained, the 
lifetime of the B meson is measured by determining either the displacement of 
the average vertex of the event from the beam centroid, or the impact parameter 
of the high pt lepton with respect to the estimated production point of the B, 
which is either the beam centroid, or determined by other tracks in the event. 

The lifetime measured with these techniques is the vaverage” lifetime of a 
combination of charged and neutral B’s, as well as B, and A& The world average 
yaverage” B lifetime is now determined to be 

1.18 f 0.14 p~ec.‘~‘~ 

It wiIl turn out to be very important for the determination of the CKM 
matrix element I/cb to have the exclusive B+ or B” lifetime. There are two ways 
to get at the exclusive charged and neutral B lifetimes: one uses the semi-leptonic 
decay rate and I will discuss it in detail in subsequent chapters. The other is to 
directly measure the B” lifetime as has recently been done by the Mark II using 
PEP data. 

The technique the Mark II uses is a bold one?’ They partially reconstruct 
B” -r D*+e-V with D’+ + DOT+, but they do & reconstruct the Do since the 
loss of efficiency would be prohibitive. They form Do candidates by adding all 
charged tracks in the leptons thrust hemisphere with pii > 0.5 GeV/c except the 
lepton and a candidate bachelor pion (from D’+ -+ Do*+) and all photons with 
~11 > 1.0 GeV/c where PII refers to the momentum parallel to the thrust axis. 
Quite impressively when combining the Do candidates with the bachelor zr they 
see a peak in the D’ - Do mass difference when the pion and lepton have the 
opposite sign (signal) but no peak when they have the same sign (background), 
as shown in Fig. 11. After track quality cuts they end up with a sample of 15 
D*-f’+ pairs from which they can determine the lifetime of the parent particle 
by calculating the vertex of a11 tracks and measuring its displacement from beam 
center. They measure a B” lifetime of 

7Bo = 1.20 f 0.36 f 0.14 psec 

which indicates, when compared with the average B lifetime of 1.18 psec, that 
the charged and neutral B’s have similar lifetimes, although errors are still large. 
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3. Semi-Leptonic B Decays 
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Figure 11. The D’+ - Do mass difference distribution from the MARK II for all 
DO-candidate-bachelor-pion combinations. The solid line indicates combi- 
nations where the high pt lepton and the bachelor pion have opposite sign, 
and the hatched area is for same sign combinations. 

I now want to concentrate on semi-leptonic decays of the B meson. They 
are of particular importance in the study of B decay, and it is straight forward 
to understand why. In a semi-leptonic decay of the B meson, the b quark in the 
meson decays to a charm or up quark with the emission of a W- boson, which 
then decays into a lepton and an antineutrino, as shown in Fig. 12. There can be 
no question of the light quark participating in the decay, and so the diagram is 
pure spectator. The leptonic decay of the W  is well understood. The coupling at 
the W  vertex is V-A with a coupling constant given by the standard model. This 
is separated from the hadronic vertex which one assumes is V-A and contains 
a CKM matrix element V,b or I&) to describe the coupling of different quark 
fIavors. The effects of the strong interactions are contained in the form factors 
which describe the formation of the final state meson. Relatively speaking, the 
semi-leptonic decay gives us a “clearin probe of the quark decay. 

As we noted last lecture, the branching ratio to leptons is large in B decay: 
Br(B -+ XPv) = 10.4%. Furthermore, leptons are relatively easy to detect, 
especially at higher momenta. Muons are most often detected by their ability 
to penetrate magnet iron to an outer detector, and electrons can be uniquely 
identified in electromagnetic calorimeters. The usefulness of leptons as a probe of 
B decays is the result of a combination, then, of their experimental accessibility 
and their theoretical simplicity. 

Many experiments have taken advantage of leptons to identify b quark events 
in their data. This is because a lepton in a hadronic event is a signature of a 
weak decay and the heavy b quark must undergo a weak decay to change its 
flavor. Of course there are other sources of leptons in hadronic events besides 
B’s. For example, the semileptonic branching ratio for a charged D meson is 
almost 20%, but from bottom and lighter charm or strange quark decays can 
be separated by total lepton momentum or the component of the momentum 
transverse to the event axis. 

PEP and PETRA experiments typically require a lepton with high transverse 
momentum (pt > lGeV/c) with respect to the thrust axis of a hadronic event to 
enrich their B sample. The lepton signals a weak decay and the pt requirement. 
enhances b over c and s due to the much larger mass of the b quark. Similarly 
CDF and UAl use leptons to identify B events. There the problem is somewhat 
reversed. Those experiments are not designed to trigger on low pt leptons (after 
all, their primary concern was the high pr physics of W, Z and top production) 
so the trigger alone biases them very heavily towards b events rather than charm. 
In fact, the challenge CDF now has is to lower their minimum pr cut on muons 
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Figure 12. First order Feynman diagrams for semi-leptonic B meson decay. 

to accept more B events and still have an acceptably low trigger rate. Despite 
these difficulties, CDF is demonstrating they can do B physics even with S/B = 
l/1000. In addition to the reconstruction of +K-, they have seen Do’s in jets 
with leptons that are consistent with coming from B decay. 

Figure 13 shows K+r- combinations in jets with e+ (or charge conjugate 
combination)!21’ This is the correct combination of signs to come from B decay 
and we see a nice Do peak. How do we know these D’s are from B’s? When CDF 
looks at I(+*- combinations in jets with e- (a sign combination incompatible 
with coming from a B), they don’t see a Do signal. 

At the T(4S), requiring a lepton supresses the continuum background under 
the T(4S). This is even more powerful if a minimum momentum cut of around 
1 GeV is applied to the lepton. F’g 1 ure 14(a) shows the inclusive spectrum of 
leptons from the continuum at CLEO which is clearly peaked at low momentum. 
The inclusive lepton spectrum from the T(4.S) is shown in Fig. 14(b) (where 
the background from the continuum under the 4S has already been subtracted). 
Above 1 GeV, leptons from B decays dominate the spectrum. Below that mo- 
mentum there is considerable contamination from cascade decays where b --t c 
and then the charm quark decays semileptonically. It is clear the requirement 
of a > lGeV/c lepton in T(4S) events will greatly enhance the “bness” of our 
sample. 

I am going to concentrate on the extraction of the elements of the quark mix- 
ing matrix: lVcbj, IV,,bl, IV,dl, using semileptonic B decays. I want to emphasize 
that the methods I will describe are crude, and that this procedure of extracting 
CKM matrix elements will become much more rigorous and exact in the coming 
years. I will try to give you some indications on bow we will be improving this. I 
will start with a discussion of measurements of the semi-leptonic decay rate, and 
its relation to the B lifetime and the extraction of Vd. I will also discuss progress 
towards the determination of the exclusive lifetimes of B- and Do. Then I will 
discuss the limits on V,,b from the lepton endpoint spectrum, and I will end with 
a discussion of B”p mixing. 

A. Inclusive Semi-Leptonic Decays and Vcb 

We have two basic probes of the semi-leptonic decay rate: we can measure 
the inclusive momentum spectrum of the emitted lepton, or we can measure the 
decay rate into a few exclusive channels such as B 4 D4V or E + D’PY. We will 
start with the inclusive spectrum. The CLEO inclusive electron spectrum from 
T(4S) decays is shown in Figure 14(b). R ecall this spectrum is generated by 
taking the inclusive lepton spectrum at the T(4S) energy for leptons in badronic 
events, subtracting fakes and correcting for detector efficiency, and then doing a 
bin by bin subtraction of the continuum lepton spectrum (similarly corrected) 
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Figure 13. CDF data showing the invariant mass of two track combinations (I<+*-) 
in jets with electrons: (a) when the Ii+ and the electron have the same 
sign (b) when the I<+ and electron have opposite sign. 
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Figure 14~. The CLEO inclusive electron momentum spectrum from continuum. 
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Figure146. The CLEO inclusive electron spectrum from T(4S) decays. 

from data taken below the T(4S). In tb is way, contributions to the spectrum 
from leptons that do not originate from T(4S) decays are removed. If we assume 
that T(4S) -+ BB 100% of the time, then this spectrum is the inclusive lepton 
spectrum from B-decays. There are two dominant components to the lepton 
spectrum. (I should note that contributions from B -+ 4X, $J + (+I and 
B + 72, 7 -+ w& have been subtracted.) The spectrum contains leptons 
from direct semi-leptonic decays of the b quark: b + cG and b + ut’fi. These 
are called primary leptons. The spectrum also contains leptons from cascade 
decays b -+ c + st’u where the B meson decays to a D, and the D decays semi- 
leptonically. These secondary leptons have a softer spectrum and dominate at 
low momentum. 

In order to extract an average semi-leptonic decay rate (average since it is 
averaged over both charged and neutral B’s), we need to fit the spectrum, and 
in order to do that, we have to use a theoretical model. 

Until now, we have had to rely on a variety of pbenomenological models 
which fall into 2 basic categories. The simplest models of semi-leptonic B decay 
are the free quark models?“” The heavy quark is treated as free and is allowed 
to decay in analogy with muon decay. These models essentially start at the 
quark level and predict the full inclusive lepton momentum spectrum. They say 
nothing about branching ratios to exclusive states such as D’PY or DOG. The 
second class of models is called exclusive or bound state models. They calculate 
a set of exclusive channels which is postulated to saturate the total rate. There 
are several of these modelsI)O’3r’sz’ The significant differences between them are 
all in bow the badronic form factors are calculated. At the risk of insulting 
the theorists, it appears that the form factor models to date all involve various 
degrees of educated guesses. What is quite amazing is that for decays B -) X,t’v 
with a charmed quark in the final state, the models agree quite well. These 
models clearly do give branching ratios to exclusive final states. 

There are two new models on the market. One is a bybid formed from the 
models just described?’ It uses the bound state models at low badronic recoil 
energy where bound states should dominate and matches on to the quark model 
calculations at high recoil where they are most accurate. The basic idea is to 
give the full Dalitz plot equal weight. 

The second new metbod’*‘is, apparently, the wave of the future. Here QCD 
can be used to derive a rigorous relation between the form factors in D decay 
and B decay as opposed to previous models which simply guessed at the form 
factors?’ The form factors in D decay are being measured by E691 in decays 
such as D+ + l?*‘e+ve. The goal is to use these form factors in B decay and 
thereby reduce the uncertainty in the extraction of I/ub and Vcb. 
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After this digression, let’s get back to the experimental problem at band 
which is the extraction of the semi-leptonic branching ratio and Vd from the in- 
clusive lepton spectrum. Both CLEO and ARGUS determine the semi-leptonic 
branching ratio by fitting the observed inclusive spectrum to theoretical models. 
ARGUS fits the experimental spectrum above 1.4 GeV/c where the contribution 

. from cascade decays is small and uses models to extrapolate to the full spectrum. 
CLEO fits the full spectrum to a sum of the primary and secondary spectra. The 
secondary spectrum is obtained by folding the measured lepton spectrum from 
semi-leptonic D decays with the measured momentum spectrum for D mesons 
produced in B decay. The results for the average semi-leptonic branching ra- 
tio from CLEO and ARGUS are given in Table 3 where the free quark model 
of Altarelli et al. (ACCMM),‘“’ and the form factor model of Grinstein et al. 
(ISGW),‘““‘have been used to extrapolate the spectrum. 

Table 3. 
Inclusive B meson semi-ieptonic branching ratios and values for Vc.. 

Model ACCMM ISGW ACCMM I ISGW I 
Branching ratio Branching Ratio l&b1 l&b1 

%  %  

CLEO 10.4 f 0.2 f 0.4 10.0 f 0.1 f 0.3 0.046 f .OOl f .006 0.045 * ,001 f ,007 

ARGUS 10.2 f 0.4 f 0.2 9.8 f 0.4 0.046 i ,002 * ,006 0.045 zt ,001 + .007 

How do we now extract v,b? If we look at the decay b 4 clv, it looks 
remarkably like the decay of a muon, and we can write down an expression for 
the rate 

where we have taken the familiar formula for muon decay and substituted in the 
mass of the b quark for the muon mass. The factor V=b comes from the CKM 
matrix and f&(Mb,Mc) describes the phase space for the final state relative to 
the phase space for muon decay and is approximately .49. I am ignoring vub in 
this expression and that will be justified later when you see bow small v,,b is. 

Experimentally, we measure the semi-leptonic branching ratio 

B+ -) xev) = 
I-(b ---) xev) 

rTOT 

ITOT is related to the B lifetime so we have l/rb = ITOT or 

B-(B + xev) = c”,M:(V,( * .49. 
sb 1927rs 

This formula is naive since it totally ignores the difference between a free quark 
and a meson. The models mentioned above give corrections due to the interaction 
with the spectator quark, and gluons in the tinal state. W e  can now plug in the 
measured B meson lifetime, the measured leptonic branching ratio, Mb, CF. and 
extract the values for Iv&( given in Table 3. The first error quoted in Table 
3 gives the experimental statistical and systematic error added in quadrative. 
The second error includes the model uncertainties, the statistical and systematic 
uncertainty in the measured B lifetime, and an additional error of 20% in the 
lifetime that has been added to account for our uncertainty in the B+ and B” 
lifetime relative to the B lifetime averaged over all B species. The const,raints 
placed on Vcb using this method have some notable weaknesses. (1) There is 
uncertainty in what to use for Mb. (2) The phase space factor depends on 
both Mb. and on M,, which is equally uncertain. (3) To date, the best lifetime 
measurements are average B lifetime measurements, meaning they are averaged 
over an unknown mixture of charged and neutral B’s, B,, Ab and so on, while the 
branching ratio is averaged over a mixture of B- and B”. It is the uncertainty 
in these quantities that dominates the error on IVcbl. 

Given the weaknesses of this inclusive method, it is instructive to ask if we 
can improve our knowledge of Vcb by looking in exclusive semi-leptonic B decays. 
The answer is that we can’t yet, but with more data, this is the right way to do 
it. 

B. Exclusive Semi-leptonic Decays and r/cb 

W e  want to use the relation Br(B’ + D’+e-ii)/r(B’) = oIv,b\‘. There 
are several things we need to do: (1) M  ensure the branching ratio; for example 
Br(B’ -+ D*+e-V). This is not the only, but certainly the easiest exclusive 
channel to use. (2) W e  need the lifetime of the B” (not an average lifetime) to 
extract r(B” -+ D*+e-ti). (3) W e  need to know the integrated form factor (I 
that describes the badronic current in the decay amplitude that creates the D*+. 
This comes from theory but needs to be checked experimentally using methods I 
will describe: (1) we can do, (2) is crude at this point, and (3) will require more 
data. 
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The branching ratio B” -a D’+PY is measured using a very clever tech- 
nique, first implemented by AHGIJS. It is again a technique unique to the 
T(4S) which exploits the fact that the B’s are produced nearly at rest. We 
are going to partially reconstruct the decay; “partially” since the neutrino will 
always escape unobserved. First a Do candidate is found in an hadronic event 
with 3 lepton, 1.4 < pc < 2.4 GeV/c, using the decay modes Do ---t K-u+ or 
Do + h’-r+r-rr+. The candidate Do's are combined with other pions in the 
event to form a D'+. The reconstruction of the D'+ is extremely clean. The 
phase space available for the pion in the decay D*+ + Do*+ is very small since 
the mass difference between the D'+ and the Do is only 145.45 MeV and the 
resolution on the mass difference is 0.8 MeV (to be compared with a resolution 
of 12 MeV for the Do mass). Figure 15 shows a Do signal from CLEO with an 
identified lepton in the event before the D'+ - Do mass difference cut. D*‘s 
from continuum events are supressed by requiring that the momentum of the D' 
be less than MB/~. 

We now have an event with a lepton and a D'+, and we want to try to 
reconstruct a B. 

If the B mesons were exactly at rest, then true D’P combinations from B 
decay would give a narrow peak at zero when the missing mass recoiling against 
the D'P candidate was plotted. In effect we reconstruct the B by reconstructing 
the missing neutrino. The missing mass squared is just: 

MM’ = (EB - (ED. + Et))’ - (6~ - (P’D. + 6))‘. 

The energy of the B meson is Ebcom which we can substitute for Eg. We don’t 
know CB but we know that in magnitude it is small. We ignore it and the effect 
is to broaden the missing mass distribution. Figure 16 shows the missing mass 
distribution from CLEO for right sign D ‘+P- (and charge conjugate) combina- 
tions and for wrong sign D'TP combinations and there is clear evidence for a 
B” signal. There are backgrounds to this procedure. The dominant background 
appears to be either the decay B + D’(242O)P-V where D’(2420) + D*+K and 
the pion is not detected or B -+ (D*x),,,-,~~~~~"~~-Y. This gives a peak in 
the missing mass distribution at a slightly high value of MM', giving the dis- 
tribution a high MM* shoulder. Other backgrounds include continuum events, 
cascade decays where the D'+ is from one B in the event and the lepton is from 
the charm decay of the other B, mixed events to where the lepton is from a B 
that mixed and the D'+ is from the other B, and fakes. 

Once the background has been subtracted, the remaining events can be used 
to extract the branching ratios 

3oc 

I I I “DPZY-“” 

I I I I I I I 

(a) Do + On T(4S) 

n Continuum (Scaled) 

I .60 1.80 2.00 2.20 

M(K-T+)(G~V) 

Figure 15. The invariant mass distribution for D ’ candidates in events with an iden- 
tified lepton from CLEO. 
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Pe> 1.4GeV/c 
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(a 1 Right Sign 

(b) Wrong Sign 

2.5 

Br(B” -+ D’+l-u) = (4.6 z!c 0.5 f 0.7)% CLEO’3’1 

= (5.4 3z 0.9 f 1.3)% ARGUS’““’ . 

An interesting fact to note is that the average inclusive B semi-leptonic branching 
is 10.4%, so if the inclusive B” semi-leptonic branching ratio is close to the same 
as B+, then D’+e-G is the dominant semi-leptonic decay mode. In fact, D*ev 
and DOv account for 2/3 of the inclusive semi-leptonic branching ratios?” 

Our goal, recall, was to extract Vcb. various form factor models predict 

r(i?’ -+ D’+e-ti) = I(Ivcb12 f lo’2S-’ 
Br(i?O --) D*+t’-fi) = 

r(B”) 

where K varies between 22 and 26?““31’ 

What do we use for 7(B”)? We could use the average B lifetime determined 
by PEP and PETRA, or we could use the Mark II result mentioned last time 
which has rather large errors. There is a third option, which also has large errors, 
although smaller than errors on the Mark II method. Both CLEO and ARGUS 
have used the missing mass technique just described for Do + D’+t-ti to deter- 
mine other exclusive semi-leptonic branching ratios, such as B+ -+ D”4+v and 
B” -+ D-P+v. To extract the lifetime ratio from the semi-leptonic branching 
ratio relies on the assumption that r(B+ ---) ij’P+v) = r(B” + D-f?v) due to 
the absence of final state interactions. Since 

Br(B+ -+ Sol+,) = 
T(B+ 4 Pe+b) 

rTodB+ 1 

MM2(GeV2) 

Figure 16. CLEO data for exclusive B” -+ D*‘e-fil decays (a) right sign, and (b) 
wrong sign events. 

= sB+r(B+ + B”@U) 

we easily get 

Br(B+ -+ D’k’+v) Br(B” -+ D-P+v) 
zz 

‘TB+ TBO 

or 

-217- 



. 

Br(B+ -t iIOP+v) 
TB+/rB” = BrtBO + B-e+v)’ 

= 1.00 f 0.23 f 0.14 ARGOS”“1 

= 39 f 0.19 f 0.13 CLEO 1’71 . 

We can then use this to extract the E“ lifetime from the average lifetime deter- 
mined at PEP and PETKA. We can now extract Iv&l from the D*ev exclusive 
branching ratio and get 

Iv&l = ,039 f .004 k .005 CLEO 
= .043 f ,006 f ,005 ARGUS. 

Again, the first error quoted is the statistical plus systematic error from the 
branching ratio measurement and the second error includes model uncertainties 
and the uncertainty in TBo. 

To extract this result, we had to rely on the theoretical predictions of the 
form factors for the decay fro + D *+P-V which were hidden in the factor K. 
Why should we trust the theorists? In fact, we have every reason not to trust 
them because, if we are to believe recent results from E691y’ the theoretical 
form factors predicted for the analogous decay: D+ --t J?*‘e+vcr are wrong! 
I am being unfair. In the case of the B” + D*+e-V decay, it is thought the 
theoretical form factors are rather good; better than the charm case since we 
have a heavy quark in the final state. However, the question of form factors will 
come up again when we try to intrepret our b + u data, so I want to discuss 
them now. 

A very nice introduction to form factors can be found in the review of Gilman 
and Singleton lW and I will borrow from that. Consider the semi-leptonic decay 
of a pseudoscalar meson: M -t meti as shown in Fig. 17. The decay rate is 
given by 

1 
dT(M + mev) = =jA(M ---t mev)12d?r3 

where dr3 contains the final state phase space factors and 
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Figure 17. Feynman diagram for the weak decay M 4 meti. 



A(M -+ meF) = Jz Q % L”H,. 
d3k, 

h = (2~)‘6’V’ - P -P’ - k)W(2n)32E, 

V& is just the CKM matrix element for the Q --) q transition, and L’ and H, 
are the leptonic and hadronic final state currents respectively. L” we know: 

L” = t.i,yy 1 - yi)U”. 

The matrix element for the hadronic current is not so simple, particularly for a 
vector meson in the final state. H is usually expressed in terms of 3 amplitudes 
corresponding to the 3 helicity states of the virtual W, (H* and HO,) for a vector 
final state, and is described by a single amplitude for a pseudoscalar final state 
(when rn( is small). 

The full decay amplitude is given by a very complicated function of the H’s 
and the variables of the final state phase space, and I refer the interested reader 
who wants to see the details to the Gilman and Singleton paper. The beiicity 
amplitudes themselves, the H’s, are linear combinations of the form factors which 
one calculates from theory. There are 3 form factors for the vector decay and 1 
for the pseudoscalar decay giving 4 in ail and the decay rate is a very complicated 
function of those form factors. These form factors describe our lack of ability to 
calculate QCD. 

To date, we have been testing the theoretical predictions for the form factors 
in B decay by integrating the transition probability over all variables (except 
possibly the lepton energy spectrum). That is the procedure I described for 
determining Vcb. There has been a slight improvement on that in the decay 
B -+ D*ev. The ratio of transverse to longitudinal polarization of the D’ has 
been measured, which is a measure of the ratio of the integrated longitudinal to 
transverse helicity amplitudes. What one really wants to do, however, is measure 
the form factors directly, without integrating over all the final state variables. 

In order to do this one must fit the differential decay rate: 

1 
dT(M 4 meii) = z(A(M + mefi)12dlr3 

A priori the differential decay rate is a function of 9 variables in dq, 

but energy and momentum conservation as expressed in the 6 function take care 
of 4 of the variables leaving 5 to fit to. E691 has done a nice analysis where 
they fit to the differential decay distribution for D+ -+ K*‘e+uc and extracted 
the form factors using the full information of the angular distribution. We need 
about twice the current data sample to be able to do a similar analysis for the 
decay B” + D*+Cii. Once one is in a position to compare the individual 
form factors with the theoretical models, one can be much more confident about 
extracting CKM matrix elements from exclusive semi-leptonic decays. 

C. Charmless Semi-leptonic B Decays 

I now want to switch from determinations of Vd to the determination of V,,b 
by CLEO and ARGUS. Vrb is a crucial piece of the puzzle that explains CP 
violation. If any one of the elements of the 3 x 3 CKM quark mixing matrix is 
zero, then it cannot describe the observed CP violation in K decays. Neither 
CLEOnor ARGUS has a good measurement of Vub yet, mostly because of large 
theoretical uncertainties, but both agree that V,,b # 0. 

The most satisfying way to search for b 4 u transitions is to exclusively 
reconstruct a sample of b -+ u decays. The theoretical interpretation might be 
difficult, depending on the mode, but it would be experimentally unambiguous. 
The most sensitive way to look for evidence that the coupling of the b quark 
to the u quark is different from zero, however, is to look in the inclusive single 
lepton spectrum for leptons (electrons or muons) from the B semi-leptonic decay 
which are kinematically incompatible with coming from the charm decay of the 
B meson. Recall that the b quark will preferentially turn into a c quark when 
it weakly decays, but charmed quarks are heavy. The lightest mass particle 
containing a charmed quark is a D meson which has a mass of 1.8 GeV. The 
technique I will describe relies on the fact that the minimal hadronic mass in a 
charm decay of the B meson is the mass of the D meson, while in a charmless 
decay of the B meson, the final state hadronic mass can be as light as the mass of 
a pion (139 MeV). This difference in final state mass is reflected in the momentum 
of the lepton from the decaying B. Leptons from the decay B -+ DPv must have 
a momentum of less than 2.46 GeV/c in the lab, while in the decay B + rev, the 
lepton momentum can extend up to 2.7 GeV. This is schematically illustrated 
in Fig. 18. Conceptually, this experiment is no different from examining the 
endpoint spectrum of tritium beta decay for evidence of neutrino mass. 
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Figure 18. Predicted lepton spectrum for semi-leptonic B decays. The solid curve is 
the spectrum for b -+ c decays, the dotted curve is for b -+ u decays. 

Most leptons in the inclusive lepton spectrum at T(4.S) energies that have 
momentum above 2.4 GeV will be from continuum events where e+e- -+ qq 
with q = u,d,c,s. in order to supress contributions from the continuum, both 
ARGUS and CLEO cut on the event shape. This supreasion takes advantage 
of the fact that the B decays nearly at rest so its decay products are isotropic. 
Continuum events produce particles traveling with a substantial boost and the 
decay products tend to be collimated along the 5ight path. Figure 19 shows an 
expanded view of the CLEO lepton spectrum at the T(4S) after a cut on the 
event shape. You can see there are leptons in the region above 2.46 GeV - the 
endpoint for b -+ c decays, and there are leptons above 2.7 GeV, the kinematic 
limit for leptons from B decay. This is because there are still real leptons (and 
fake leptons - misidentified badrons) from continuum events. The continuum 
has been supressed, but there are still plenty of events. 

At this point CLEO and ARGUS branch in the way they do the analysis. 
CLEO removes the continuum contribution by taking the continuum data sample 
from the running below the Y(45), scaling it by the difference in luminosity and 
energy, fitting it, and subtracting it from the lepton sample. Figure 20 shows 
the lepton spectrum from CLEO with the continuum contribution (and fakes) 
subtracted, and you see there are still events in the endpoint region, but above 
2.7 GeV there are no events, which is a cross check the continuum was subtracted 
correctly. 

The ARGUS analysis differs from CLEO’s in that they continue to supress 
the contribution from the continuum using additional cuts, so that the eventual 
continuum subtraction is smaller in magnitude. They use a more severe shape 
cut, and they require missing momentum in the event of 1.0 < pmiss < 3.5 
GeV/c to correspond to the escaping, undetected neutrino. Figure 21 shows 
their lepton spectrum above 2 GeV”” and also indicates the small continuum 
contribution. 

Both experiments extend their search for excess leptbns down into the region 
where b -+ c transitions are allowed but very phase s’pace supressed, and use 
models of 6 -+ c decays to estimate how much b + Cev contaminates their 
sample. ARGUS quotes a lepton excess of 77 f 13.4 out of a total of 132 events 

“” in the 2.3 < pr < 2.6 GeV momentum region. They also have a separate 
sample of dilepton events where they see an excess of 14 f 5 events out of a total 
of 21I”‘CLEO divides the endpoint region into 2 bins in momentum, 2.2 - 2.4 
GeV/c and 2.4 - 2.6 GeV/c, and quotes an excess of 61.6 f 29.8 f 29.1 events in 
the lower bin and 70.4 f 20.3 f 10.4 in the upper bin out of 813 and 349 events 
in each bin before continuum subtraction. The subtractions are large, but it 
seems beyond doubt that there is a source of leptons at the T(4S) that have 
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Figure 19. The yield of electrons in the endpoint region from CLEO before continuum 
subtraction. 
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Figure 20. The yield of leptons in the endpoint region from CLEO after all subtrac. 
tions. The expected b 4 c contribution is indicated as a smooth curve. 
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Figure 21. ARGUS lepton yield in the endpoint region for (a) T(4S) data after con. 
tinuum subtraction and (b) scaled continuum. 

a momentum too large to be accounted for by b -a c decays. Is it b --) u? If 
we assume that T(4S) + BB 100% of the time, then the leptons must come 
from B decays. However, non-BB decays of the T(4S) could produce leptons in 
this momentum range. Without knowing more about the non-BB decays of the 
T(4S), we can’t put any meaningful limits on contributions it might make to 
the inclusive lepton spectrum. It is worth noting that the absence of an excess 
of leptons above 2.7 GeV rules out large contributions from direct T(4S) decays. 
The other thing worth noting is that ARGUS was able to fully reconstruct an 
event from their sample with pc > 2.3 GeV and they reconstruct a b -+ u decay!” 

The excess of leptons cannot be accounted for by any known source and it 
is assumed it results from b -) u transitions. Now, to extract a value of v,,b 
from the event excess requires a theoretical model. This turns out to be quite 
problematic. Table 4 lists the value of Iv,b(v,bl* derived by CLEO and ARGUS 
from their data, and while the experiments agree quite well, the theories do not. 

Table 4. 

1 I&b/& 

CLEO 

.8 tf: 0.2 

2.2 f 0.6 

1.3 f 0.4 

0.9 f 0.2 

2 * 102 

ARGUS 

1.0 f 0.2 

3.2 f 0.7 

1.4 f 0.4 

0.8 f 0.2 
J 

Note that all these theories agree on the value of Vcb extracted from data. 

It is not really surprising that the free quark model (ACCMM) does not 
work. We are examining the endpoint of the spectrum, just where we expect 
resonances to be important. However, the form factor models also disagree, 
leaving a large uncertainty in the actual determination of v,,b. How can this 
situation be improved? 

The key to improving the determination of I$ lies in more experimental 
data & a better understanding of the theoretical models. Figure 22 shows 
the Dalitz plot for semi-leptonic B decays and the experiments currently are 
sensitive to only avery restricted regionof the Dalitz plot. The values of I/ub that 
are extracted from the data depend critically on the details of bow a particular 
theory chooses to populate the badronic states such as B -+ rev, B + pPu, 
B + wev, that contribute most significantly in the endpoint region. The hope 
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The Dalitz plot for the B semi-leptonic decay. The kinematic boundaries 
are shown for B -+ rr&, ptti and Dh. The approximate acceptance regions 
are shown for ARGUS and CLEO. 

is that Mr.‘s Isgur and Wise are telling us that if we measure the form factors 
in the Cabibbo supressed D -+ nev and D -+ pt?v decays, we can in a model 
independent way extract the form factors (over some range of the Dalitz plot at 
least) for B 4 nlv and B -+ plvl3”This would be a great step forward since it 
is unlikely that any experiment in the forseeable future will be able to do the 
kind of form factor analysis on the charmless B decays that was discussed for 
B -+ D’Pv. 

D. B” - @ Mixing 

I want to conclude this section on semi-leptonic B decays with a discussion 
of the phenomenon of mixing in the neutral B meson system. According to our 
standard model picture of the weak interactions of quarks, the neutral B mesons 
should mix, and they do. Mixing means that a B” meson can turn into a t?’ 
meson via the second order weak process as shown in Fig. 23. Since both the b 
and d quarks can couple to u, c, and 1 quarks via the weak interaction, the R” 
meson “decays” into a pair of virtual W  bosons which then reappears as a B”. 
The mixing of the neutral B mesons is observable if the rate for a B” to mix into 
a i?’ is comparable to the rate at which the B decays. 

The cleanest measure of mixing would be a sample of fully reconstructed 
BOB0 or BOB0 events since they could exist only if mixing had occurred. Full 
event reconstruction is extremely difficult, and to date there exist only a few 
fully reconstructed mixed events from ARGUS. The best measurement of mixing 
comes from using inclusive methods where the flavor of the b quark that decays 
is tagged using a lepton. When I say tag the 5avor, I mean that the sign of the 
lepton emitted tells whether it was a b or an anti-b quark that decayed. Leptons 
are particularly useful since, as we have learned, 20% of the B decays are to a 
lepton. leptons are easy to detect, and at high momentum (or high transverse 
momentum if mixing is being measured at ECM above the T(4S)), there is low 
background. 

To measure mixing one wants to measure the ratio ,of the probability that 
a particle born as a B” wiIl decay as a B”, to the probability it will decay as a 
B”. In the absence of background, this can be expressed as a ratio of same sign 
to opposite sign dilepton events. We define a mixing ratio: 

iqe+e+) + N(e-e-1 
r = N(e+e- f ram BOB0 decay) 

Whereas counting the number of same sign and opposite sign dilepton events 
from B” and B” decays is simple in practice, there are some serious experimental 
difficulties. 
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Fzgure 23. Lowest order Feynman diagrams describing mixing in the neutral B meson 
systems. 

(1) Fakes: are the leptons in our 2 lepton event really leptons, or are they 
misidentified hadrons? 

(2) Did both leptons in the event come from B decay? One B can decay to 
a lepton and the other B can decay to a D meson which then decays to 
a lepton. These cascade decays contribute like sign dileptons even in the 
absence of mixing so this background is particularly insidious. 

(3) A severe problem for mixing measurements at hadron machines is leptons 
from rr and K decays in flight. 

(4) The T(4S) decays into either a neutral (BOB’) or charged (B+B-) pair 
of mesons. Charged B mesons can decay to leptons and contribute to the 
denominator of the mixing ratio r. 

(5) Above the T(4.S) at higher energy e+e- or pp machines, one is measuring 
mixing of an unknown mixture of Bd and B, mesons and the denominator 
of r contains contributions from all bottom hadrons, including charged 
mesons and baryons. 

In 1967 UAl was the first experiment to claim an observation of Bfi mix- 
ing “‘I based on an excess of like sign dilepton events in pp collisions. Since then 
both CLEO and ARGUS have measured mixing. CLEO and ARGUS measure 
BOB0 mixing, all other experiments measure a combination of Bd and B, mixing. d d 

At ARGUS and CLEO the basic analysis for mixing is the same. Hadronic 
events are selected that have 2 leptons where both leptons are required to have 
a momentum between 1.4 and 2.4 GeV/c. The lower cut supresses cascade 
decays where one lepton is from a B, the other from a D, and the upper cut 
supresses continuum background since it is close to the kinematic upper limit 
for leptons from B’s There is also an opening angle cut between the two leptons 
to supress photon conversions and fakes from continuum jets. After these cuts 
each experiment has approximately 70 like sign events and 400 unlike sign events. 
Of the roughly 70 like sign events that each experiment has, cascade decays and 
fakes account for roughly half of them, and must be subtracted. Table 5 gives 
the numbers of like sign and opposite sign dileptons from ARGUS.‘“’ 
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Table 5. 

. 

Aye+) Aye*@) 

T(4S) 413 64z!clO 

Fakes + Continuum 31 29 

+ Cascades + + 

Signal 382f22 35fll 

To calculate r, the contribution of the opposite sign dilepton sample from 
charged B decays must be subtracted. This is difficult since the fraction of the 
total number of dileptons coming from charged B decays depends on quantities 
we don’t know very well. The number of dileptons from charged B’s depends on 

(1) The ratio of the number of charged to neutral B’s produced at the T(4S), 
f+/fO, and which we take to be 1. 

(2) The ratio of the semi-leptonic branching ratios, b+/b,,, which is equal to 
the ratio of lifetime of the charged and neutral B’s, 

Using f+b$/f,bE = 1.2 we get 

r = 0.19 rt 0.06 & 0.06 CLEO”” 

= 0.22 f 0.07 f 0.06 ARGUS”” 

ARGUS has also measured mixing using D*@ events which are events where 
the D’P have been partially reconstructed to give a Do as described earlier, and 
another lepton is required in the event. This method eleminates any contarn- 
nation from charged B’s so that while it is statistically weaker, the systematic 
errors are smaller, giving 

r = 0.24 f 0.12 f 0.02 ARGUS.““’ 

We conclude that the mixing of neutral B mesons is large. A particle born 
as a B has a 20% chance of turning into a i?’ before it decays. We can now 
play the game of extracting l/id from this measurement. To do this we need to 
relate the observed ratio of same sign to opposite sign dilepton events from B” 
decays, to the theoretical estimates of the box diagrams responsible for mixing. 
The most convenient quantity to define is 

’ = [Br(l?O 
Br(B” + B” --) Xt’+v) 

4 Bo --P XP+v) + Br(B” -+ XI-v)] 

which is just the probability that an isolated Do meson will decay as a B”. This 
can be calculated from the box diagrams I( 71 as 

(AM/r)’ 
’ = 2 + 2(AM/T)* 

where 

AM/F contains many terms that are not well known, among them the B 
meson structure constant Bsfi, and M,“. We still need to relate Z to the 
observed ratio of same to opposite sign dileptons. On the T(4S), the BOB0 
state is P-wave and Bose statistics inhibit mixing. The B’s must mix coherently 
(always remain a BOB0 pair) and it is only when one B decays that the other 
is free to mix independently. As a result, the like sign dilepton rate is actually 
supressed on the T(4S). We find on T(4S): r = Z/(1 - 2) If the b quarks are 
not produced in a coherent state, 

2Z( 1 - Z) 
r= 2*+(1-z)*’ 

We now have a relation between I (the measured quantity) and Vrd. We can 
only really put a limit on the product Mf1VtdV,;[*. If we cheat a little and 
use the unitarity of a 3 generation CKM matrix to put an upper limit on I& 
and use the upper limit on the top quark mass of Mt 5 200 GeV from EW 
radiative corrections, we get .004 < Vfd < .02!*’ Two last points I would like to 
mention. (1) Experiments at PEP”” and UAl ““have seen evidence for mixing 
in data that contains both Bd and (we assume) B, mesons. These experiments 
universally agree that they see more mixing (more like sign dilepton pairs when 
backgrounds from cascades, fakes, and decays in flight are removed) than can be 
accomodated by Bd mixing alone. The B, should be produced at these energies 
and it should mix even more strongly than Bd (because Vf, is expected to be 
larger than Vtd since it is only one generation off diagonal in the CKM matrix 
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instead of two). (2) When B, mixing has been well measured (which is a very 
difficult proposition since as 9 gets large, Z + l/2, and r --) 1 independent 
of Z!), one can extract jV&jJ2f&/lV&12f~s independently of Mt, BE and Mz, if 
it is still unknown. 

. 
4. B Physics in the Future 

In these final sections, I want to concentrate on the future, and I will do 
this in two parts. First, I want to talk about what to expect in the very near 
future: this year, next year and the year after from LEP/SLC, the Tevatron and 
CLEO II and ARGUS. LEP and SLC are opening a window on how the b quark 
couples to the Z”, and if you recall from Chapter 2, a large (6nb) cross section 
and high energy will allow them to do physics that lower energy experiments 
have not done. CDF is just beginning to learn how to do B physics, and I think 
they will contribute a lot, and CLEO II has just turned on with a new state of 
the art detector and a machine that plans to scale new heights in luminosity, 
and is advertising B physics at the T(4S) with an order of magnitude with more 
precision than ever before. I want to discuss a few of what 1 consider to be the 
most important experiments these groups will do in the next few years. Let me 
give my usual disclaimer that I make no pretenses at being comprehensive in 
this review. It is rather a selection of topics that I personally find interesting. 

The final chapter will be on the far future, and that is how one might measure 
CP violation in the B meson system. That is a subject that could take volumes 
to discuss. I will simply present a collection of what I think are interesting and 
relevant facts about CP violation in the B meson system, how it might manifest 
itself, and how one might measure it. 

A. The Near Future 

Once the standard electro-weak model is defined by precision measurements 
of o, GF and Mz, all of the coupling strengths between the matter fields of 
quarks and leptons, and the gauge bosons are predicted. These predictions need 
to be tested, and while measuring the vector and axial vector coupling between 
the b quark and the Z” is not the easiest or most direct way to test the standard 
model, it needs to be done. One must verify that the b quark couples to the Z” 
like the lower member of a weak isodoublet, which is where it is supposed to sit. 
The standard model predicts 

for the vector and axial vector couplings of fermions to the Z”, where 13 is the 
third component of weak isospin, and Q is the charge of the fermion. The b 
quark is supposed to sit in the lower half of a weak isodoublet which it shares 
with the as yet undiscovered top quark, which gives I3 = -i, & = -5, so the 
SM predicts 

GA(b) = -f 

Cv(b) = -.35 for sin*&, = .23 

Experiments at PEP, PETRA and TRISTAN have been able to measure GA by 
looking at a forward-backward asymmetry in e+e- -+ b&that originates from the 
interference between the photon and Z” exchange contributions to that process. 
The size of the asymmetry is proportional to GA. 

One method used to measure the forward-backward asymmetry is to tag b 
events with high p, leptons and use the sign of the lepton to determine whether 
it came from a b or 6. One must correct for the neutral B’s ability to mix. The 
asymmetry is then how many b (b) q uarks are produced forward vs backwards 
with respect to the e-(e+) beam. Data from Tasso ISOl m Figure 24 clearly show 
the effect of the forward-backward asymmetry, and from that one can extract 
GA(b) = -.6 f .25. 

At the Z” resonance, the partial width for the Z” to decay into bb pairs is 

Here, one can use the measured partial width and the SM value for GA to extract 
Gv. It is not a good way to measure h*B, but it does verify the form of the 
vector coupling of the b quark to the Z”. The method, used to measure Fbi is 
straight forward. bb events are tagged with high pt leptons, with the tagging 
efficiency determined from Monte Carlo. The ratio I(Z -+ bb)/T(Z - had) is 
just the ratio of the number of tagged events to the total number of hadronic 
events (both corrected for efficiency). This ratio times the measured hadronic 
width of the Z gives the partial width into bb. The measured value l5ll of 

GV = I, - 2Qsin*B, 

GA = I3 

rbg = 353 f 25 f 25MeV (from L3) 

can then be used to extract 
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Figure 24. The angular distribution of bb events from TASSO. The dotted curve shows 
the prediction of pure QED, the solid one is the standard model fit 
uncorrected for acceptance. 

G; = .095 f .024 f ,024 

for the b quark. This is still somewhat crude, and it will get better, but I consider 
it real bread and butter electro-weak physics to measure those couplings. Already 
these measurements tell us unambiguously that the b quark lives in an isodoublet 
(as opposed to an isosinglet) and must have a partner! 

One result we might hope for from SLC and LEP is the observation of the 
B,: a & meson. Unfortunately its production is highly suppressed relative to 
normal B production and it probably won’t be seen soon. 

A topic I hope we hear a lot about in the near future from both the Z” 
machines and the Tevatron is B,. This is a particle for which there is only very 
indirect evidence to date. Experiments that measure mixing at high (> 10.58 
GeV) energies want B, because for reasonable assumptions about the amounts 
of Bd and B, in their dilepton samples, the data favors more mixing than can be 
accomodated by the CLEO and ARGUS & mixing results, as we discussed at 
the end of the last chapter. Other indirect evidence for B, comes from CUSB.‘“’ 
CLEO and CUSB accumulated approximately lOOpb-’ of data each at the T(5S) 
in 1988, which is thought to be above B,B, threshold. CUSB observes 47.5 MeV 
photons from the decay B’ + Br. For decays T(5S) + B’B’ -+ ByBy, the B 
of the B’ is .21, resulting in substantial Doppler broadening of the monochro- 
matic photon line. The observed line in the Y(5S) data sample (shown in Fig. 
25) is narrower than what one would expect from such rapidly moving B*‘s lead- 
ing CUSB to infer they are seeing substantial B,’ production where the B: - B, 
mass difference is very close to the Bi - Bd mass difference so the two photon 
lines are overlapping, with one line less Doppler broadened than the other. The 
net result is a narrower line. 

I think it is about time to see the B, directly! 

I suspect B, will be “discovered” at CDF or LEP. At CDF, perhaps they can 
fully reconstruct B, using the highly supressed but very clean channel B, -+ $4. 
CDF has shown they can do a beautiful job on reconstructing 4’s, and they 
probably have enough events to have some of these decays in their data sample. 
I don’t know if the background will be sufficiently worse than in the case of 
B- + 4k- because of the addition of the extra kaon, that they will be unable 
to extract a signal. I would bet good money they are looking, and perhaps we 
will hear soon that they have seen it. In the next collider run where they are 
promising 10 times the luminosity and will have a silicon vertex detector to do 
vertex tagging, I think they should be able to exclusively reconstruct B, for 
sure. 
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Figure 25. The evidence from CUSB for the B, and B: The histogram and solid 
line are the Monte Carlo spectrum for < B >= .21. The dashed line is the 
result from the fit to the data. 

Both CDF and LEP can look for B, using D, lepton signals (just as CDF 
uses Doe signals as evidence for B production). LEP will not have the data 
sample to do highly supressed (Br - 10v3 - 10m4) modes for a while, but the 
environment is enough cleaner they will probably be able to use modes such as 
B, -t D,lv more efficiently than CDF. 

I think (hope) B, will be observed, and its mass, lifetime, and mixing rate 
measured. With a silicon vertex detector and the projected 30pb-’ in the next 
collider run, CDF may have the first shot at the B, lifetime (in addition to 
measuring the very important exclusive B+ and B” lifetimes). LEP should be 
able to measure B, mixing. Reliable and meaningful measurements will require 
a lot of work studying the B, and Bd fractions produced from bb at 92 GeV so 
that Bd and B, mixing can be reliably separated. 

What about CLEO and ARGUS? What will they contribute to B physics 
in the next few years? ARGUS just installed an elegant new vertex detector 
on a 1.9 cm radius beampipe!‘lThis vertex detector in many ways represents 
wire chamber technology carried to the ultimate limit. They claim that with 
this chamber they will be able to reconstruct D vertices. The median separation 
between two D mesons coming from B mesons is 120 pm at the T(4S) energy. If 
ARGUS succeeds in reconstructing a substantial number of D’s with low back- 
ground because they can use vertex information to separate the decay products 
from two D’s in the event, they will substantially improve their ability to recon- 
struct B mesons. However, ARGUS was only given 2 months to run with the 
new chamber this year. They are now off for the rest of the year and I believe 
they do not know how much running time they will get next year as HERA turn 
on claims much of DESY’s attention. 

I will talk mostly about what CLEO will be doing for the next, few years. 
CLEO II turned on in the fall of 1989 after an 18 month shutdown during which 
the entire detector, with the exception of the tracking chambers, was replaced. 
The central feature of the new CLEO II detector is a CsI calorimeteru3’ covering 
95% of 4s with an energy resolution of UE/E = 1.5% at the 5 GeV and 4.4% 
at 100 MeV. After a shakedown run of 150pb-’ on the T(3S), CLEO started 
taking data on the Y’(4S) in May. The goal of this run is to accumulate lfb-’ of 
T(4S) data with an additional 500pb-’ on the continuum below the T(4S). This 
data sample will have 5 times the statistics of the data sample 1 discussed in the 
first three chapters. If one uses the number of fully reconstructed B mesons as 
a measure of the physics capability of the detector, CLEO II should be able to 
fully reconstruct on the order of 6000 B’s from the new data sample compared 
to roughly 100 reconstructed in the previous sample. Part of the improvement 
is the larger data sample (which is yet to come), and part of it is the beautiful 
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new calorimeter which allows CLEO II to have a resolution on neutrals similar 
to the resolution on charged particles. Figure 26 illustrates the capability of the 
calorimeter to see x0’s and 7’s. 

Clearly, CLEO II will do everything CLEO I has done only with higher 
staGstics. However, there are many qualitatively new analyses that we will be 
able to do. 

(1) With the improved statistics we will be able to do a “proper” analysis 
of semi-leptonic B decays and extract the form factors by looking at the differ- 
ential decay rate. The extraction of the form factors is very important to the 
measurements of CKM angles as was discussed in the previous chapter. 

(2) We should be able to reconstruct exclusive b -+ u decays in hadronic 
channels such as B 4 r+r- or B + ni’v, pPv. The current limits on I? + X+X- 
are about a factor of 3-4 above the theoretical expectation. This analysis will be 
aided by the crystal calorimeter since cuts on the event shape which are used to 
distinguish B decays from continuum will be more effective with the addition of 
neutral information. Observation of exclusive b -+ u decays may not aid in the 
determination of Vub because of the model uncertainties discussed last time, but 
they will help to convince us that b + u is really there! 

(3) Penguin decays of the B meson give effective flavor changing neutral 
currents which probe the electro weak interaction at the one-loop level. To 
lowest order, the GIM mechanism forbids flavor changing neutral currents, so 
that couplings like b --) sZ” cannot occur. However, higher order processes, 
as illustrated in Fig. 27, give an effective neutral current interaction. These 
diagrams result in decays like B- -+ E*‘K-, K-e+e- or B” + K-X+, K”po. 
These decays have not yet been seen although the limit on the BR for Do 4 

1-1 K-x+ is very close to the theoretical expectation. 

Why are penguin decays so interesting ? Clearly they are sensitive to the 
value of the CKM matrix element V Is, although extracting the value of the 
matrix element is quite difficult given the theoretical uncertainties in predicting 
the exclusive branching ratio. Another reason that the penguins are interesting 
is that for certain final states like B” --) K-T+, there are two diagrams that 
can contribute as shown in Fig. 27. The second diagram (Fig. 27b) issuppressed 
because of the one loop and the gluon, but it wins by a product of VtbV;S which 
involves 0 and 1 generation CKM factors as opposed 60 the spectator diagram 
(Fig. 27a) which is proportional to VubV&, and has 1 and 2 generation CKM 
factors. It is not clear which of the two diagrams will be dominant. The two 
diagrams can interfere and that interference is one way of getting CP violat,ion 
in the B system. 
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Figure 26. The invariant msss of photon pairs from hadronic events using the new 
CLEO II CsI calorimeter. A clear r” peak is evident, and also an 7 peak. 
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Figure 27. Lowest order diagrams for b + s decay where a) is a spectator diagram 
and b) is a penguin diagram. 

(4) With a sample of 6000 or so exclusively reconstructed B’s, and a sample 
possibly twice that size of low background partially reconstructed events (such 
as B + o*eu) CLEO II will have on the order of several hundred double tagged 
events where both B’s are either partially or fully reconstructed. This will allow 
us to measure, for the first time, f+/fo; the ratio of the production cross section 
for charged and neutral B’s at the T(4S). This works as follows. Suppose we 
reconstruct N,, events where B+ + z, B- + y. Clearly 

Nz, = f+o / LdtBr(B+ + z)Br(B- + y) 

where JLdt is the integrated luminosity and (I is the T(4S) cross section. But, 

Nz = f-e 
J 

LdtBr(B+ + z) 

NV = f+u 
/ 

LdtBr(B- + y) 

so we have 

(T and s Ldt, the total cross section and the integrated luminosity, are known, 
and we have a measure off+. The reconstruction efficiency is not high enough to 
use double tagging to measure branching ratios to highly supressed modes, but 
we will be able to use double tagging to measure large branching ratios to “dirty” 
high background modes. The classic example of this technique was the Mark III 
measurement of the branching ratio Br(D” + K-r+r”ro) = 14.9f3.7f3.0%?‘] 
This is an enormous branching ratio but with two x0’s in the final state, it had 
eluded measurement due to large backgrounds, until it was found in double 
tagged D’s from the $“. 

(5) An experiment that is very important for measurements of CP violation 
in the B system is being done right now at CLEO and we hope to have a result 
soon. This is the measurement of the B* production cross section above the 
T(4.S). I will explain its relevance to CP violation in a few minutes. Let me first 
tell you what the experiment is. 

The B’ is to the B meson what the D’ is to the D meson: it is the spin triplet 
version of the B (which has the quarks arranged in a spin singlet). The B’ has 
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quantum numbers of I- (the B is O-) and the mass difference n(B’) - m(B) 
is approximately 47.5 MeV. The B’ decays 100% of the time to a B with the 
emission of a 47.5 MeV monochromatic photon. CUSB first observed the B’ in 
a scan looking for structure in the total cross section t’*’ (resonances above the 
Y(4S)) in 1985. It is easy to do the experiment to search for B’ production. 
The Simplest way is to look in the inclusive photon spectrum for a bump around 
50 MeV. Figure 28 shows the B’ signal in CLEO II at a center of mass energy 
of 10.650 GeV. 

However, we don’t want to just find the B’, we want to measure the EB’ 
production cross section. At about 50 MeV above 2 * MB one can make a BB’ 
pair. At 100 MeV above 2 * MB one makes B'B' pair and BB’ production 
starts to fall off. CLEO is currently scanning the region above the T(4S) in 10 
MeV steps, measuring the BB’ cross section at each point by counting 50 MeV 
photons, and will soon have a measure of the absolute cross section as a function 
of energy. 

Who cares what the BE’ production cross section is? That brings me to 
the final chapter: CP violation. 

B. CP Violation in the B System 

We have known for 26 years that CP violation exists in the neutral kaon 
system. It has never been observed anywhere else. The CKM matrix offers a 
“natural” explanation of CP violation. It does not explain it at a fundamental 
level any more than the Standard Model can explain parity violation, but the 
theory allows for a CP violating phase in the CKM matrix in a very natural 
way. We want to test this standard model explanation of CP violation, and one 
way to do it is to observe CP violation in the B meson system. If the CKM 
picture is right, CP should be violated in B meson decays and although the 
exact magnitude is difficult to predict due to uncertainties in the values of the 
matrix elements, the magnitude of the effect is thought to be observable with a 
next generation experiment. 

In Table I, I listed where B’s are produced and how copiously, and from 
that table it is clear where one should look for CP violation: a hadron machine 
(Tevatron or SSC), a 2’ factory, or an T(4S) machine. The latter two have high 
cross section and good signal-tobackground, the former has an enormous cross 
section and terrible signal-to-background. Comparisons between these three op- 
tions have been carried out in detail!‘] I will concentrate on the options at the 
T(4S). 

The basic signal for CP violation in the B meson system will be the obser- 
vation that the decay rate for a B to a given final state does not equal the decay 
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Figure 28. The inclusive photon spectrum from CLEO II at a center of mass energy 
of 10.65 GeV showing a bump from photons from the B’ -+ By transition. 
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rate for a i? to the CP conjugate state 

The CP violation asymetry is then just 

*CP _ (r - Q  -- 
(r + r) 

and will be non-zero if the standard mode1 is correct. Large CP violation asym- 
metries are possible in the B meson system. Asymmetries of 10% are possible in 
rare modes with small branching ratios (- lo-‘). Unfortunately in modes with 
large (- 10w2) branching ratios, the predicted asymmetries are small (- 10m3). 
Either way, one is going to need lots of events! 

There are 3 (really 2) basic categories of experiments one can do to see CP 
violation in the B meson system. (A very nice description is in Karl Berkelman’s 
SLAC lectures of 2 summers ago)!%’ However, before talking about CP violation 
in the B’s, it is useful to remember how CP violation works in the K system 
where it was first discovered. 

In the K system there are the K” and l?‘O  which are the strong interaction 
eigenstates of definite flavor, and KL and KS which are the weak interaction 
eigenstates of definite mass and lifetime (and they were originally thought to 
be eigenstates of CP). However, in 1964, the decay ,KL --* ?r*, was observed 
(KL + X*T~ if CP is conserved) with a BR of 10m3, indicating that the I<L is 
not a CP eigenstate. 

If one calls Ii, and I(2 the & eigenstates of CP, then the weak interaction 
eigenstate I(L can be written as 

KL= Jib -([Ii, > +clK1 >), 

where 6 describes the amount of the “wrong” CP eigenstate in the weak eigen- 
state KL. c  parameterizes what is called CP violation in the mass matrix. 

So far, this is straight forward; however life may be more complicated. When 
KL + ** or KS -+ *K the 2 pions can be in an I = 0 or I = 2 final state, where 
I refers to isospin. If there is a phase difference between the two amplitudes 
(which the SM predicts due to the complexity of the CKM matrix) then one 
can get CP violation in the decay amplitudes. This is parameterized by the 

famous parameter t’ where one expects t’/c - 10e3 and several very elegant 
experiments, NA31 at CERN and E731 at FNAL, are trying to measure this. 

The B meson system, according to the SM, should also have manifestations 
of CP violation in the mass matrix (c~) and the decay amplitudes (e’B). But as 
we go to look for CP violation in the B’s, there are several crucial differences. 
(1) CP violation is no longer much easier to see in the mass matrix ( CB) than the 
decay amplitudes (&). In fact, all the plausible searches look for CP violation in 
the decay amplitudes. (2) Because of the extremely short lifetime of the B meson 
(- 1 ps) and low production cross section, it is impractical to make beams of B 
mesons and the BL - Bs lifetime difference is too small to distinguish the two 
states by producing B mesons and allowing the Bs component to decay away. 
Experimentally, that is impossible. We are going to have to use other techniques. 
Furthermore, we will always be dealing with states of definite flavor: B*, B”, 
BO. 

We are now going to consider 3 ways of looking for CP violation in the B 
meson system. 

WI: CP violation in the mass matrix. 

If there is CP violation, then the eigenstates of definite mass and lifetime will 
not be eigenstates of CP. This will result in an asymmetry in the BOB0 mixing 
rate where I’(B” + Do) # r(B” --t B”) and the rate asymmetry between these 
two processes will be a measure of CP violation. You will recall that mixing 
resulted in like sign dilepton events in our sample. CP violation will mean that 
there will be a difference in the number of e+P+ and P-P- pairs in our data. 

A = Prob(B -+ l?) - Prob(B -+ B) 
Prob(B --t l?I) + Prob@ + B) 
N(e+e+) - N(e-e-1 

= N(e+e+) + N(e-e-1 

5 low3 for the SM with 3 generations. WI 

This has the great advantage of being an experiment we know how to do. Un- 
fortunately, the small size of the asymmetry makes it prohibitive. To measure 
an asymmetry of low3 to 3 standard deviations requires lo7 events. At the 
moment we have about 40 like sign dileptons for 250,000 BB pairs. Even with 
dramatic improvements in detection efficiency we will need close to 10” Bo 
pairs to establish CP violation which is unthinkable at an e+e- machine. 

CASE II: CP violation in decay amplitude. 
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Here CP violation can be the result of the interference of two diagrams that 
both have the same initial and final state but different intermediate amplitudes, 
analogous to CP violation due to c’ # 0 in the K system. For example, consider 
the decay B- -+ K-x’. There are two diagrams that can contribute to this 
decay: spectator b -+ u and a penguin. (This is illustrated in Fig. 27.) The 
Interference between these two diagrams will cause 

I’(B- + K-r’) # r(B+ + K+T’) . 

Here, the final state uniquely identifies the flavor of the B meson that decayed. 
Clearly the asymmetry will be largest if the two interfering amplitudes are com- 
parable in magnitude. 

I have choosen an example of a charged B decay; however this manifestation 
of CP violation can also occur in neutral B decays such as B” + Ii-s+ where 
the strangeness of the final state tags the flavor of the parent B meson. This is a 
straight forward way to see CP violation experimentally. It is a simple counting 
experiment. Predictions of the asymmetry are not very reliable but it may be 

“*rag’ as high as IO% in either B- -+ K-r0 or a similar mode. Branching ratios 
times efficiency might be in the IO-’ range. The experimental upper limits are 
a few times that?’ One needs, on the order of 10’ T(4S) decays to see CP 
violation this way which is not an impossible goal. 

Because of the simplicity of this measurement, and the likelihood that some 
mode will have both an appreciable asymmetry and a reasonable branching ratio, 
I suspect that CP violation in the B meson system will first be observed in 
one of these self-tagging channels. The problem is that if, for example, we 
accumulate 10s T(4S) events and don’t see CP violation in B- + K-no or a 
comparable mode, we’ won’t know if the standard model is wrong, or whether 
we just don’t know enough about strong dynamics and final state interactions 
to calculate the expected rates correctly. I do not in any way wish to down 
play the importance of simply seeing CP violation in B decay. It would be 
a tremendous achievement. But because CP violation in the decay amplitude 
does not provide an unambiguous test of the standard model, and CP violation in 
the mass matrix looks reasonably hopeless, most experimentalists and theorists 
alike have concentrated on a third’option for measuring CP violation which is 
experimentally less straight forward, but theoretically unambiguous. 

CASE III: CP violation through mixing. 

In principle, Case III is like Case 11 where CP violation is the result of the 
interference of two different amplitudes with the same initial and final state. 

However, in this case we let the rather large observed BOB0 mixing provide the 
alternate decay route needed for interference. Here, the fact that r(B -+ f) # - _ 
r(B + f) is because the interference B” + f” and B” + B” -+ f” can be of the 
opposite sign as the CP conjugate process. Clearly, this only works for neutral 
B mesons (charged B mesons don’t mix) and the final states f and f must be 
accessible to both B” and B” mesons. In the special case where the final state 
f is a CP eigenstate so that f = f, (e.g., t+hKf, x+x-, K+K-, DiD-,) then 
the CP violating asymmetry depends only on the mixing rate and CKM matrix 
elements, and is independent of any strong interaction dynamics?‘Again, CP 
violating asymmetries can be as large as 10% and rBr N low5 so that one can 
make measurements with N IO* BE pairs (again, not an unreachable number). 
However, there are two hitches that make life complicated experimentally. 

BITCH 1: Because the final state f is common to both B” and Do decays, we 
can’t tell from reconstructing the final state what the flavor of the B was that 
decayed; a quantity we need to know in order to form an asymmetry. We must 
rely on the fact that b quarks are produced in pairs of opposite flavor and if we 
reconstruct one b decaying to a flavor non-specific state, we must tag the second 
b decaying to a flavor specific state. An example is to require that the second b 
decay semi-leptonically and use the sign of the lepton to tag its flavor. This is 
the cleanest tag, although charged kaons can also be used. 

BITCH 2: Both B’s, the B decaying to a CP eigenstate and the B we are using 
to tag flavor are neutral B’s and can mix. If we are doing the experiment at the 
Y(4S), we have to consider the joint decay rate of the BOB0 pair which depends 
on the charge conjugation state, C, the pair is produced in. It is the same 
problem we had with mixing on the T(4S): the 2 B’s have to mix coherently 
until one of them decays. As a result, the CP violating asymmetry is a function 
of the times at which the B” and fro decay (t and t’) and the charge conjugation 
state they are produced in (C = -1 for Y(4S)). We get 

&,*I(& t’) = e -r(r+c’12sinAM(t f l’)sin2,$ 

where AM/I’ is measured via BOB0 mixing at the Y(4S) and 4 is a product of 
CKM matrix elements and is, in fact, just the angle in the Bjorken triangle!lThis 
time dependence of the asymmetry has profound consequences for a CP violation 
measurement at or near the T(4S) resonance. 

Let us consider the effect of the time dependence of the asymmetry in a bit 
more detail. If we run on the Y(4S), which is a natural place to do B physics 
since the cross section is high and the signal to background good, we produce a 
BB pair in a C = -1 state. If we try to measure the CP asymmetry by doing 
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a simple counting experiment by counting the number of B" ---t $K, and the 
number of L?’ + r/K,, we will measure identically zero. This is because, as luck 
would have it, 

. dtdt’e-r(‘+f’)sin AM(i - t’) = O! 

For the BB pair produced in a C = -1 state, we must have some information 
on which B, the B” or the B”, decayed first! Only if we can observe the times 
of decay, t and t’, can we measure a non-zero asymmetry. If we can measure 
decay times and sum over all decays with a sign reversal depending on which B 
decayed first, it is equivalent to replacing sin AM(t - t’) by sin AMlt - r’l and 
we get what I wilI call a time rectified asymmetry which is non-zero. 

How can we resolve which B decayed first? At a conventional e+e- storage 
ring where the beams have equal energy (like CESR or DORIS) the B’s pro- 
duced at the T(4S) travel an average of about 20pm before decaying. Current 
vertex detector technology is not sufficient to measure such small distances, and 
remember, it is the difference between the decay times (or lengths) of the two B’s 
that we need so one needs to know the production point as well. If, however, the 
electron and positron beams have unequal energies, El and ES, the energy in the 
center of mass energy can still be the T(4S) resonance, M(T(4S)) = m, 
but the resonance will be produced with a boost relative to the lab frame. The 
B’s will also be boosted, and on the average will decay with a separation of 
< AZ >= &cr where p-y refers to the motion of the CM. This is schematically 
shown in Fig. 29. For rather reasonable values of energy asymmetry one can get 
separations of the 2 B’s by 160pm (8 on 3.5 GeV) to 220pm (9 on 3.1 GeV). Such 
distances are quite accessible to modern silicon vertex detector technologyl)‘l 

Asymmetric operation of a storage ring turns out to have a host of exper- 
imental advantages. The ability to separate the decay products of the two B 
mesons enhances one’s reconstruction ability since combinatoric backgrounds 
will be much reduced. Is asymmetric the only way to measure CP violation 
through mixing in the vicinity of the T(4S)? 

The answer is no. But one pays a price for staying with a conventional 
symmetric energy storage ring. In order to measure CP violation in, for example, 
r/K, at a conventional symmetric energy machine, one cannot run on the T(4S) 
resonance. One must run above the T(4S) resonance where one makes a BE’ 
pair. When the B’ decays by emitting a photon, the EL? pair is left in a 
C = +l state, and now the asymmetry no longer integrates to zero. In fact, 
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Figure 29. Diagram of asymmetric collider production of B mesons. 
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the integration works out so that the asymmetry is a little larger in this case. 
I&&, one has paid a price. We no longer have the advantage of the 1.2 nb of 
T(4S) cross section! The cross section to produce BB’ pairs above the Y(4S) 
is not known (that is why CLEO is currently measuring it!). From energy scans 
above the Y(4S) we know that there is an excess of .3nb above continuum in the 

‘region where BE’ should be produced. CLEO is measuring the cross section 
for BB’ production as a function of energy to try and determine its maximum 
value. Even under optimistic assumptions, one loses at least a factor of four in 
cross section relative to running on the T(4S) and pessimistic assumptions may 
be that one looses twice that. 

What should one do? Build an asymmetric storage ring to measure CP vio- 
lation or a symmetric one? Is either one feasible? There have been many studies 
that have compared luminosity requirements to measure CP violation at a sym- 
metric machine running above the T(4S) an an asymmetric machine running d 
on the T(4S). Perhaps the most often quoted one was done in SNOWMASS 
two years ago?‘Th e conclusion. of that and subsequent studies was that if one 
assumes the cross section to produce BOB’* is .14nb (mildly optimistic) then 
to be able to conclusively confirm or reject the standard model picture of CP 
violation, one has to build an asymmetric e+e- storage ring with a luminosity of 
L = 3 * 1033cm-2s-’ or a symmetric e+e- storage ring with L = 1034cm-2s-‘. 
If the BOB’* cross section is half of what I have assumed, the symmetric option 
will take twice the symmetric machine luminosity. The experiments done at a 
symmetric or asymmetric collider are very different, and the ability to separate 
the B’s in an asymmetric machine is a great advantage. However, the greatest 
advantage of the asymmetric machine is that it can utilize the full T(4S) cross 
section, and so one needs a lower luminosity machine. Can it be built? The 
machine physicists can answer that question far more competently than I can!” 
CESR holds the world’s record for peak luminosity of an e+e- storage ring, hav- 
ing achieved Lpeot of 1032cm-2s-‘. We are talking now of machines of 30-100 
times more luminosity. Can they be built? I don’t know. 

Will they be built and where? I, of course, don’t know that either. SLAC 
is committed to pursuing an asymmetric B factory. Cornell, the other US con- 
tender, wants to build a machine that can operate both symmetrically and asy- 
metrically. No one wants to give up the advantages of asymmetry, but it is a 
newer and more ambitious machide design. 

I think a B-factory, a machine capable of luminosities of greater than 1033~m-2s-‘, 
and center of mass energies around 10 GeV will produce a wealth of information 
on weak decays, not just CP violation. I suspect CP violation in the B system, 
if it is there, will first be seen in one of the direct decays such as B- + K-p 

or K-s’. CP violation through mixing can be observed at either a symmetric 
or asymmetric machine, and it is up to the machine builders to tell us which 
they can build. Asymmetric machines haven’t been built before although there 
is nothing to say they can’t. KEK, CERN, Cornell, SLAC and DESY are all 
talking about B factories and it is my fervent hope that one will be built some- 
where. 
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1. The Challenges of a B-Factory 

In the past few years a good deal of enthusiasm has arisen in the US, Europe 

and Asia for U-Factories. In these machines electrons and positrons are collided 

with center-of-mass energies at or near the T(4s) resonance, with unpreccdrnt- 

edly high luminosities, to produce copious fluxcv of ~-mesons. The object is 

to make high-precision studies of the CP non-conserving B decays. Various 

colliding-beam configurations have been suggested including both linear collid- 

ers and storage rings, but one scheme has emerged as generally preferable to the 

others. It is the asymmetric storage ring system--asymmetric in the sense that 

the two beam energies are markedly different and the center of mass is moving 

in the direction of the higher energy beam. With this arrangement the decaying 

B-mesons fly off from the interaction region in the same direction, and the time- 

order of their decays can be deduced from the locations of their decay vertices. 

These B-Factories present the accelerator builder with two main challenges: 

to achieve luminosity far beyond that attained in existing storage rings anh to 

do it in the unexplored arena of unequal beam energies. The highest lurninos- 

ity reached up to now in electron-positron storage rings has been a little over 

I@? cm-2 s-1 attained in Cornell’s CESR. Although several machines have been 

designed to deliver luminosities of 103” cmm2 s-l, that goal has proven very dif- 

ficult to reach in practice. A R-Factory requires luminosities thirty to one hun- 

dred times higher than that figure to support the CP-violation experiments. And 

on top of that difficulty, we must deal with colliding beams of unequal energies. 

That may turn out to introduce no punitive limitations, but it surely represents 

an uncertainty that aggravates the problems of attaining high luminosity. On 

the whole, we can fairly conclude that all of our knowledge and ingenuity will 

have to be brought to bear in designing these machines and building them. 

Fort.unatcly the means of meeting these challenges appear to be 1 1 .i hand on 

the basis of our present undcrslanding of the accelerator physics o/ colliding- 

beam storage rings. The problems have been studied in several laboratories in 

Europe, Japan, the US and the USSR, and the solutions devised in those studies 

have converged in their general features. A B-Factory will consist of two separate 

storage rings with a common collision region; each ring will carry what is, by 

today’s standards, high circulating beam currents, and as a consequence, the 

vacuum chambers will be very well-cooled and strongly vacuum-pumped; and 

each beam will be comprised of many bunches. It appears that the optical and 

mechanical designs of the interaction regions will be quite complicated, but also 

quite feasible. 

2. An Existing B-Factory: CESR 

There are in fact two storage rings running now as B-Factories: CESR at 

Cornell and DORIS at DESY. While they are not capable of the fluxes of B- 

mesons necessary for precision studies of CP violation, they are the sources for a 

lot of the B physics done to date. As I have mentioned before, CESR holds the 

luminosity record for electron-positron storage rings, and a despription of the 

machine will be useful to illuminate the difficulties in reaching high luminosities. 

CESR is a single storage ring with a circumference of 768 m. Some of its 

primary parameters are given in Table 1. The beams of course have equal ener- 

gies which are tuned to half the energy of the T(4s) resonance. The luminosity 

has been referred to before. ‘I-he maximum tune shift is a figur,e of merit that 

WC shall discuss in some detail later. The 77 mA stored in ?a& beam radiate 

80 kW as synchrotron radiation, but since the source is distributed around an 

appreciable fraction of the circumference (radiation is emitted in the bending 

magnets), the power density is not prohibitive. 
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Figure I: A schematic depiction of the “pretzel orbits” in the CESR stomge 
ring. The circle represents the central orbit; the other solid line is the positron 
orbit; and the dashed line is the electron orbit. The electron and positron bunches 
avoid each other, because they are deflected onto different orbits by the electric 
fields situated on either side oJ the interaction region. 

Each beam has seven bunches and, therein lies the secret of CESR’s high 

luminosity. Originally built as an 8-GeV machine with one bunch in each beam 

and a small beam aperture, its performance was stringently curtailed by the tune- 

shift limit. More on this later. The Cornell accelerator physicists overcame this 

obstacle by creating “pretzel orbits” that prevent the counter rotating bunches 

from colliding with one another except at the interaction regions. High-voltage 

electric plates make strong electric fields in the vacuum chamber transverse to 

the beam axis and deflect the electron and positron beams oppositely onto their 

separate pretzel orbits. The technique is shown schematically in Figure 1. 

Returning to Table 1, we should note for later reference that the bunch 

frequency, the frequency at which the bunches of either beam pass the interaction 

point (or any other fixed point on the circumference, for that matt&) is 2.7 MHz. 

The vertical beta-function at the interaction region is 1.5 cm. We shall discuss 

the significance of the beta-function later; suffice it to say that the smaller it is, 

the better. CESR is a Rat-beam storage ring, so the transverse aspect ratio of 

the beam at the IR (interaction region) is small. The longitudinal impedance is 

a parameter we shall discuss at some length later; again the smaller, the better. 

To push CESR to still higher luminosity more bunches would have to be 

added with a corresponding increase in circulating currents and radiated power 

and, possibly, a reduction in longitudinal impedance. A reduction in the IR beta- 

function would help too, but there is not much to be hoped for there. These 

measures are very difficult in a single ring. 

3. Constraints Imposed by Beam Dynamics 

Why can’t we get all the luminosity we want? We know that there are what 

we might think of as engineering problems, e.g., handling high heat fluxes and 

pumping large gas loads. Nevertheless, if we are willing to spend ‘the necessary 

effort and money, shouldn’t we be able to overcome the problems? In fact, 

the answer is, “Not necessarily.” Some of the problems are beyond the power 

of engineering solutions. Those problems are the subject ofithis chapter. The 

physics of particle beams imposes strict limitations on what we can accomplish. 

The phenomena that harass us at every turn in our pursuit of high luminosity 

are beam instabilities. Either the individual particles go intJ unstable motion 

or whole bunches do. In either case the beams become useless for producing 

luminosity. These instabilities can be classified in several ways; for our purposes 

we shall classify them into two categories: beam-beam instabilities and single- 

beam instabilities. 
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W’c shall see that. siuglr- beam instabilities will prevent us from increasing 

buuch populations much beyond present practice, while the demand for high 

luminosity will force us to higher total beam currents. As a result we shall be, 

for& to choose a double-ring system with many bunches in each ring. Then 

we shall find that the circumferences of the two rings must stand in the ratio of 

sinall integers, optimally l/l, to avoid coherent beam-beam instabilities. 

Ilappily in the end, we shall find a set of design choices that can deliver the 

luminosity we need for a B-Factory. 

3.1. Beam-Beam hstabilities 

Storage rings are designed so that the motion of a typical stored particle is 

comfortably stable. A particle in orbit by itself would stay in the ring forever if 

it experienced no other forces than the magnetic guide forces. In actuality any 

particle emits quanta of synchrotron radiation and interacts with the occasional 

residual gas molecule, so after a time, typically hours, its life in the storage ring 

comes to an end. But those influences do not vitiate its usefulness to us. We 

can use particles that stay iu the ring for hours. 

The forces that cause the main trouble when we try to increase the beam 

current (which we must do to raise the luminosity) are the electromagnetic forces 

between the stored particles. The particles of a bunch together create a collective 

field that moves along with the bunch. The metallic vacuum chamber establishes 

boundary conditions and thereby shapes the field of the bunch, an effect we can 

tlescribc in terms of image charges that also move along with the bunch. This 

is the collective field, and it acts on each iudividual particle in the bunch that 

creates it. It also acts (impulsively) on each particle of each bunch that collides 

with the bunch that creates it. For these particles, the forces of the collective 

field add to the guide-held forces aud can change the particle’s motion from 

811xi 
Bunch 

6?WU Ax1s 

Figure 2: A particle entering a counter-moving bunch at transverse coordinates 
I and y. The bunch is idealized as a cylinder of charge. 

stable to unstable. In this section we shall discuss the particular effects of these 

collective fields between colliding bunches 

Consider a particle of one beam as it passes though a counter-moving bunch. 

It is acted on by both theelectric and magnetic collective fields of that bunch; the 

two forces are almost equal, they add and their dependencies on the transverse 

coordinates of the particle are identical. More importantly, that dependence is 

very non-linear in both coordinates. If the particle penetrates the center of the 

bunch, there is no force. As the tine of penetration moves out from the center, 

the force first increases and then decreases. These are the properties of the 

electromagnetic field of a thin tube of space charge current. 

As the particle passes through the opposing bunch, it accumulates a trans- 

verse impulse that creates a corresponding transverse deflection. The beam 

particle coordinates are measured transverse to the central closed orbit of the 

storage ring and are customarily called I (horizontal) and y (vertical). See Fig- 

ure 2. The slopes are therefore I’ and y’, where primes denote differentiation 
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BEAM-BEAM IMPULSE 
(Rounded Beam) 

12pD i erwr, 

Figure 3: The transverse deflection, Ax’, of a particle due to the collective 
field of the oncoming bunch, plotted against the coordinates at which the particle 
passes through the bunch. In this example the bunch is distributed as a round 
Gaussian, and the units of I and y  am the radial standard deviation. 

with respect to the longitudinal (along-the-orbit) coordinate s. The effect of a 

transverse impulse is to change Z’ and y’. Figure 3 is a three-dimensional plot 

showing a typical relationship between the horizontal impulse AZ’, plotted along 

the vert.ical axis, and the particle’s coordinates, plotted along the other two. The 

warping of the surface implies a high degree of non-linearity. This particular ex- 

ample is of a round beam, but the non-linearity is typical of all beams. The 

round beam of Figure 3 has a Gaussian radial density distribution. The units of 

I and y  are the radial standard deviation of the distribut,ion, the characteristic 

transverse scale length (size). The feature that the impulse peaks and reverses 

slope at a distance of the order of the transverse size is also typical of all beams. 

3.1.1. The Incoherent Beam-Beam Limit 

Why is this non-linearity such a bad thing? To answer that question, we 

need to delve a bit into beam dynamics. In particular, we need to discuss 

betatron resonances-henceforth, just resonances. 

Betatron Oscillation 
(v = 5.3) 

Figure 4: A betatron oscillation. 

As a first step in the design of a storage ring, the guidk field is laid out 

with linear magnetic-optical elements (quadrupoles, bending magnets &d drift 

spaces) only. At the next stage of design, non-linear elements such as sextupoles 

are introduced, but these elemenrs are weak in the sense that the motions of 

particles in the guide field arc determined almost entirely by the linear elements 
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TYPICAL RESONANCE DIAGRAM 
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Figure 5: A typical resonance diagram showing some strong resonance lines. 
The lines are of the form mv, + nq, = p. The small island in the lower left-hand 
corner represents a beam distribution. It must fit between the lines! 

and almost negligibly by the non-linear ones. Thus the beam dynamics of the 

storage ring are almost the beam dynamics of the linear lattice (the sequence 

of optical elements). Providentially the beam dynamics of the linear lattice are 

remarkably benign. If the ring were linear and perfectly constructed, all particle 

motions in it would be stable. That is a property of well-designed linear lattices. 

In general, the particles oscillate about the central orbit, executing the same 

number of oscillations each time they make a complete circuit. See Figure 4. The 

number of oscillations is called the betatron frequency or tune and is customarily 

denoted v (in the (IS). There is one betatron frequency for r-motion (v~) and 

another, generally different, for the y-motion (vi,). The motion is stable for any 

values of the V’S, 

1 Real storage rings are not perfectly constructed; they have field i ,homoge- 

nieties (non-linearities), misalignments, stray fields, etc. Indeed, in terms of 

linear beam dynamics, the sextupoles mentioned above constitute a deliberate 

introduction of such imperfections. The general effect of introducing these im- 

perfections is to impose narrow bands in the Y,vr,-plane in which the particle 

motions are no longer stable. W e  call these regions resonances, because the un- 

stable motion is caused by a resonant process. At values of the tunes lying in 

these bands, the phase shift of the (unperturbed) oscillation is such that the 

deleterious effects of the non-linear fields keep reinforcing each other from turn 

to turn. Figure 5 shows a portion of the v,vs-plane criss-crossed by a typical 

set of strong resonance lines. In a real storage ring the tunes must be kept away 

from these forbidden lines, or the beam particles will literally be lost; in other 

words, the tunes must lie securely in between the resonance lines. 

Now we turn to the effect of the beam-beam interaction. W e  may think of 

it as equivalent to a highly non-linear lens acting on the particles. It shifts the 

frequencies of the oscillations, but more importantly it shifts them by amounts 

that depend strongly on their amplitudes. Thus different particles with different 

amplitudes acquire different frequencies, and a scatter plot of the frequencies 

of the particles in a bunch would show them to be smeared out on an island 

in the u,ur-plane. An example is shown in the lower left portion of Figure 5. 

Obviously the stronger the beam-beam interaction, the bigger the island, and if 

the island is big enough to lap over any of the resonance lines, particles will be 

lost. Therefore the size of the island is limited. The size of the islav is measured 

by the two tune spreads, that in uz and that in uz. According to the resonance 

picture, they are both stringently bounded. 

On the other hand, in all storage rings built to date, the beams at the IR’s 

have been flat (as iu CESR, for example), and in the case of a flat beam, we 
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are concerned primarily with the vertical tune spread. While the horizontal tune 

shift is presumably limited, it proves comparatively easy to avoid any deleterious 

consequences of that fact by adjusting the details of the optical design. All of the, 

current B-Factory designs call for flat beams too, so we shall not be far wrong 

to deal only with the vertical tune-shift limit, and that is what we shall do. 

How do we estimate the tune spread ? Let us consider first a particle un- 

dergoing a very large amplitude y oscillation, large that is, compared to the 

vertical si7, scale of the counter-moving beam. On the average (and speaking 

anthropomorphically), the particle scarcely feels the non-linear force due to the 

counter-moving beam, so its vertical tune is almost unshifted. In other words, 

it oscillates at its normal frequency. Now let us consider a small-amplitude os- 

cillation, one in which the y-coordinate stays well within the size of the counter- 

moving beam. In that region of y, the beam-beam force is very nearly linear; it 

causes a tune shift that is independent of amplitude and one that is the largest 

of tune shifts for any amplitude. All other amplitudes give rise to tune shifts 

that lie between these two extremes, so the small-amplitude tune shift, which 

we shall call CY, is a good estimate of the tune spread: 

where 
# = IR beta functions (vertical) 

N+ = positron bunch population 

N- = electron bunch population 

P = beam aspect ration at IR 

re = classical radius of electron 

u t,y = transverse r.m.s. bunch dimensions. 

(1) 

This, then, is the parameter that is limited by the beam-beaq limit, and 

we shall refer to it as a tune-shift limit, although it is really a tune-spread limit. 

From the picture we have drawn of the limiting process, we would expect that 

the value & can reach in a particular storage ring should be extremely sensitive 

to the location of the working point in the v,vy-plane, and indeed it. is. We would 

further expect that if measures were taken to weaken or eliminate resonance lines 

in the vicinity of the working point, the allowed tune shift. would increase, and 

indeed it does. In all existing and past storage rings-and they all have had flat 

beams--the maximum allowable tune shift, after all ameliorating measures had 

been taken, has been 

0.01 < & 5 0.06 

The maximum allowable tune-shift is called the incoherent beam-beam limit. Cer- 

tain machines are characterized by the lower values of this limit, while others are 

characterized by the higher values. In other words, the limit is, to a large extent, 

characteristic of a ring. On the other hand, we cannot claim to understand very 

well the reasons for these variations from machine to machine. Therefore, to 

base a new storage-ring design on a value of &, as high as 0.06 \(rould appear to 

be optimistic, while to base it on a value of 0.03 might be regarded as prudent. 

The physical interpretation of Equation (1) is clear. The combination, 

N/uzuy, measures the peak current density of the bunch. The deflection will 

be proportional to that and inversely proportional to the particlk’s y. The opti- 

cal function, pY, appears in the numerator, telling us that the bigger &, is, the 

bigger, i.e., the worse, is the tune shift. In other words, ljY is a sensitivity param- 

eter. The reason for that lies in the role of the beta-function in describing the 

betatron oscillations: its square root is the “envelope function” that describes 

the variations of the size of the beam along the central orbit. Where 13, is large, 
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the: beani is large vertically, and where & is small, the beam is small. Since the 

c~xt.cnt of the: beam in phase space is preserved (Liouville’s Theorem), where t.he 

bran1 is small its angular divergence is large and vice ~ersa. Where the angular 

divergence is large, an unwanted dellection such as the bearn-beam interaction 

is less troublesome than it is where the divergence is small, so a small /3x at the 

II1 is good. 

Now let us proceed to the question, how does the beam-beam limit alfect 

the achievable luminosity? The luminosity is given by the expression, 

L = N+N-fn 
4?ra,a, 

where fs is the bunch frequency defined earlier in the section on CESR. In 

writing this expression for the luminosity, we have restricted ourselves to the 

case in which the dimensions of the two colliding beams at the IR are matched: 

o+ = c- 
Z.Y Z,Y 

It is not hard to see that this is the optimal case, and there is nothing to be 

gained by departing from it. If we solve Equation (1) for the bunch populations, 

NT= 2*-r*cr,ay( 1 + r,c; 
f f-e& 

1 

we can substitute them into Equation (2) and express the luminosity directly in 

terms of the tune shift. 

L = 4r*cy(fnwY)(l + ‘I2 
reP$ 

(4) 

A storage ring system can have only one luminosity, so we are assuming 

that we have done the right thing: that we have somehow contrived to make the 
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Figure 6: The longitudinal bunch distribution overlayed on a graph of the beta- 
function in the vicinity oj the IR. In the case depicted, many particles lie in the 
wings of the beam waist. 

two expressions on the right-hand side of this equation (represented by the two 

choices of the superscript sign) equal. In single-ring systems, this is accomplished 

more or less automatically. 

Our task is to find ways of getting the highest luminosity we can. Aside 

from the constant x, the first factor in the numerator of Equation (4) involves the 

tune shifts and the energies; the tune shifts are bounded and the y’s are fixed by 

experimental requirements. The next factor is the combination (fsa,a,,), and 

we shall return to that later. The final factor in the numerator is (1 + r)’ which 

suggests that making the beam round at the IR (r = 1) could gain us something 

in luminosity. Unfortunately, the correctness of Equation (l), arid therefore of 

Equation (4), in the case of r = 1, has not been tested, and there is plenty of 

room for doubt. More importantly, the problems of suppressing b 
t 

ckground in 

the detector have forced the designers away from a round beam and toward a 

flat beam. We therefore take r < 1. 

The denominator of Equation (4) urges us to make /ly as small as possible. 

That is, anyway, common storage ring design practice for single rings as well 
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as double rings. How small is possible? We cannot make &, smaller than the 

bunchlength; indeed for safety, it should be several times the bunchlength. The 

reason lies in the tune-shift formula, Equation (1). The interaction region is a 

place where the beam is tightly focused to a waist. That means that the p- 

function is parabolic there, and the functional form is simply 

2 

&(s) = PO 1 + ; 
[ ()I 

1 

where s is measured from the center of the IR. The longitudinal distribution of a 

bunch is Gaussian, and what I have called the bunchlength is just the standard 

deviation, bs. Consider a particle riding one standard deviation behind the 

center of its bunch. See Figure 6. That particle passes the center of the counter- 

moving bunch a distance, &/2 beyond the center of the IR. At that point, py is 

substantially higher than it is at the center of the IR. The question is this: what 

value of /3, should we use in the tune-shift formula for that particle, or rather 

for the average particle? Obviously it is a bigger value than po unless we restrict 

PO as follows, 

and so we do. The effect of this restriction, taken together with the realities of 

radio frequency system design, is to limit the usable values of & at the interaction 

region to a minimum of about 1 cm. In practice, given the optical complexities 

of the interaction region for a double-ring system, even that small a value may 

prove hard to achieve. 

Let us return to the multiplicative factor, (foozoy), in the luminosity for- 

mula, Equat.ion (4). That factor is the product of the beam cross sectional area 

at t,he IR and the hunch frequency, a sort of area per unit. time. Suppose WC 

choose to increase the cross sectional area greatly. In that case, Equation (3) 

tells us that we would also have to increase the bunch populations proportion- 

ally. In the next chapter, we shall learn that increasing the bunch population is 

a bad thing. That leaves us with fo as our last remaining handle for increasing 

the luminosity. 

Since the bunches move at the speed of light, increasing fo is exactly equiv- 

alent to decreasing the distance between bunches in each beam. We saw in the 

example of CESR that the possibilities for doing that in a single ring are woe- 

fully limited. The fact is that if we want to use a lot of bunches, we must use two 

separate rings for the two beams. Even with two rings there are practical difi- 

culties that prevent us from putting the bunches too close together, difficult,irs 

associated with separating the beams as they leave the interaction region after 

colliding. So in the end, the B-Factory designer is forced to put the bunches 

as close together as he can, given the IR design, and thus raise the bunch fre- 

quency as high as he practically can; and he is still hard pressed to achieve t,he 

luminosity required of a B-Factory. 

We shall conclude our discussion of incoherent beam-beam constraints on 

the performance of B-Factories with a comment on their implications for the 

radiofrequency accelerating system. Replacing only one of the N’s in Equa- 

tion (2) with Equation (3), and noting that the dc beam currrnt of one beam is 

I = eNfe, we get 

whcrc the current, the tune shift, the energy, etc. refer consistently to one beam 

or the other. Once WC have chosen the luminosity, thrrr is very little latitude 

in the beam current, none in fact after WC have minimized py. This formula 

appl~cs to the higll-energy beam in pa.rtirular, and that is t,hr bram that, suffrrs 
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the larger radiation loss, call it Us. We see immediately that the radiated power 

from the high-energy beam, 

P rad = 

will be proportional to the luminosity. We shall also see when we take a look at 

some R-Factory designs that Prad is measured in megawatts. 

3.1.2. Beam-Beam Coherent Instabilities 

In the last section we dwelt on the effects of different particles moving 

differently-with different frequencies, for example-but how about the effects 

of different particles moving similarly? If we consider a cluster of particles close 

together in phase space as they approach the oncoming field of the opposing 

bunch, we shall see that despite the non-linearity of the field, they will respond 

more or less together; they will exhibit coherent motion. 

We can think profitably about this kind of motion by simplifying our picture 

of the transverse inter-bunch force to a linear approximation. We can get away 

with that stratagem, because most of the particles in the bunch are concentrated 

near its axis, and we are concerned only with the motions of the center of mass 

(charge). In that approximation we have a lot of coupled oscillators, each bunch 

oscillating transversely in the guide-field restoring force and interacting with 

one or more opposing bunches at the interaction region. Such a system has the 

following properties: 

1. There are as many modes as there are bunches. 

2. The coupling is proportional to the bunch populations, and almost any 

mode will go unstable at sufficiently high coupling. 

3. The most benign arrangement is to have equal numbers of bunches in 

the two rings, and in that case, these instabilities can be avoided at the 

required bunch populations by judicious choices of the tunes. 

We can see how these instabilities arise by considering the simpl case of 

equal-size rings. Each bunch of one ring interacts with only one bunch of the 

other ring. The normal modes of the bunch pair are the so-called II- and O- 

modes. In the tatter there is no inter-bunch restoring force, but in the H-mode 

there is, so in the II-mode we can think of the interaction as a gradient error, 

like a quadrupole magnet stuck into the lattice where it does not belong. If it 

is strong enough, a gradient error will drive a lattice into a nearby “stopband,” 

which is beam-dynamical argot for instability. 

We can make a more homely, but also more perspicuous, analogy to a pair 

of simple classical oscillators-masses on springs-coupled together by a third 

spring which has a negative spring constant. Negative springs are rare, but there 

is no difficulty in dealing with them mathematically, and the reader is invited to 

set up the equations of motion for the system. That system has the same two 

modes, KI and 0. The coupling spring plays no role in the O-mode, because the 

separation of the masses remains constant, but it shifts the II-mode frequency 

downward. If the coupling spring is strengthened more and more, eventually the 

restoring force supplied by the supporting springs is overcome, and there is no 

longer a restoring force. The response of the system to a n-mode disturbance is 

an exponential flight from equilibrium. 

The forces at play in these instabilities are very large, and feedback systems 

are of little avail against them. Therefore it is fortunate that we Can avoid these 

instabilities by wise choices of tunes. 

Returning to point 3 above, if we delved into the details of the coherent 

beam-beam instabilities, we would learn that rings of unequal hircumference 

can be used without narrowing the allowable choices of tunes catastrophically 

provided their circumferences stand in the ratio of small integers (l/2 or l/3, 

for example). Equal circumferences for the two rings is not a hard rule, just a 
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conservative choice. So it comes down to a cost-benefit trade-off, and at this 

point we enter the treacherous area of tunnel economics. Despite some bitter 

experience in this field, I shall not utter any generalities on the subject, except’ 

to say that every case is different, depending on the economic health of the 

building industry, the weather and other unpredictables. Suffice it to say that a 

laboratory that already owns a suitable tunnel ought to take a different view of 

the matter than one that does not. 

3.2. Single-Beam Instabilities 

We turn now to beam instabilities of a different sort: instabilities which 

arise from the effects of the collective field of a bunch on the particles of the same 

bunch or of the same beam. The fields are the same ones we dealt with in the 

last section, but we must be more careful about the exact values of the electric 

and magnetic fields. The reason is that white the electric and magnetic forces on 

a counter-moving particle add, those on a co-moving particle nearly cancel, and 

the difference between them is very sensitive to the exact values of the fields. 

As an example of this near cancellation, consider a highly relativistic bunch 

of particles travetling through space. The magnitudes of the magnetic and etec- 

tric fields stand in the ratio, u/c, where u is the speed of the particles. The cor- 

responding forces on a co-moving particle stand in the ratio, (v/c)~, and since 

they oppose one another, the net force is proportional to [I - (u/c)~] = ym2. In 

a storage ring, the presence of the metal vacuum chamber, and particularly of 

steps and pillboxes in its contotirs, upsets the delicate cancellation. As a result, 

the force on a co-moving particle is stronger than in the free-space example, and 

it is not proportional to Tm2. 

The dominant process for establishing these fields in storage rings is the 

excitation of local electromagnetic fields in the vicinity of abrupt changes in 

the vacuum envelope. A good example is a pittbox such as that fprmed by a 

radiofrequency accelerating cavity. It is a resonator, and the passage of a bunch 

along its axis naturally excites many of its normal modes. The fields are like the 

wake of a ship: they carry a disturbance long after the bunch has passed. Indeed 

we often call them wakefields. Each of the modes extracts some energy from the 

bunch and stores it as oscillating electromagnetic field energy. As the modal 

field rings, it dissipates its energy in the resonator walls, but it also acts on any 

particle that happens to pass. The lowest-frequency modes have periods that 

are tong compared to the temporal bunchlength and decay times that are many 

periods long; they affect not only the particles in the exciting bunch but those 

in the following bunches. At the opposite extreme, the highest-frequency modes 

that are significantly excited have periods that are shorter than the temporal 

bunchlength and decay times that are comparable to it, so they affect only 

particles of the exciting bunch. If we are concerned with multibunch motions, 

we shalt be interested in the lower frequencies, and if we are concerned with intra- 

bunch motions, we shalt be interested in the higher frequencies. Impedance was 

invented to deal with cases like these. 

In electrical circuits the impedance relates the voltage beiween a pair of 

terminals to the current flowing through it. It is a function of frequency and it 

applies to steady-state sinusoidal excitations. The apparatus pf Fourier trans- 

formation enables us to combine these excitations to deal with complicated and 

even non-periodic currents. We shall take the same approach ih our beam dy- 

namical problems, although we shall not be hidebound about Ithe dimensions 

of our impedances, and we shalt make definitions that are appropriate to the 

problems. 

Before tackling the single-beam instabilities, we had better get an idea of 

what range of frequencies we shall be dealing with: What does a typical bunch 

-249- 



SPECTRUM OF A GAUSSIAN 
_ l.Oh , 1 1 I I 

ANGULAR FREQUENCY (a’) e,.,m 

Figure 7: The spectrum of a Gaussian pulse. The ordinate is the angular fm 
qvency in units of the standard deviation (in time) of the pulse. 

current spectrum look like? The bunch is a needle-like object. Typically its 

transverse dimensions, although they vary as the bunch moves along its orbit, are 

measured in fractions of a millimeter. Its length, which does not vary, is about 

1 cm. The shape and size of the bunch then are much like that of a particularly 

long printer’s dash, in fact just like this one: -. Well, not the shape really, 

because the distribution of charge in each dimension is very nearly Gaussian, 

but the ratio of length to width is well represented. Since its spatial length is 

about 1 cm, its temporal length is about 30 ps. Viewed at a fixed location on 

the circumference of the ring, it is a Gaussian pulse of current. As Figure 7 

reminds us, the spectrum of a Gaussian pulse contains no significant frequency 

components above the reciprocal of the r.m.s. pulselength, so the spectrum of 

the bunch reaches up to about 30 GHz. The lowest frequency present is ft, if all 

the bunches have the same populations, but that frequency is usually far below 

the lowest modal frequency of any vacuum-chamber discontinuity. 

Now we know the spectrum of the driving current, but at what frequencies 

do we expect to find the resonances in the vacuum chamber? A good rule 
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of thumb is that for the lowest-frequency resonance, the free-space yravelength 

(c/f) corresponding to the resonant frequency is approximately equal to a typical 

dimension of the cavity. For example, a rectangular box 30 cm on a side has its 

lowest resonance at 1.4 GHz which corresponds to a wavelength of 21 cm; and 

a pillbox with a diameter of 30 cm has its lowest resonance at 0.77 GHz which 

corresponds to a wavelength of 39 cm. In addition to these lowest modes there are 

many higher modes, infinite numbers of them in fact. Fortunately they are not 

all pernicious. Some do not couple to the beam; they don’t have a longitudinal 

electric field on the orbit, for example. Others are damped by some mechanism 

that quickly dissipates or conducts away the stored energy. Nonetheless, many 

modes remain, and their effects add together to make the impedance function. 

3.21. Longitudinal Microwave Instability 

As our first example of single-beam instabilities, we treat the longitudi- 

nal microwave instability, a process driven by the highest frequencies present in 

the wakefietds, frequencies that correspond to free-space wavelengths that are 

shorter than the bunch, i.e., millimeter waves. The bunch spectrum is weak in 

that region of frequencies, as we have seen; nevertheless these cohponents can- 

not be ignored. The electromagnetic modes in question have longitudinal elec- 

tric fields on the central orbit through which the bunch excitq the modes and 

through which the modes act back on the particles of the bunch. Different por- 

tions of the bunch are accelerated and decelerated. The subsequhnt longitudinal 

motion of the particles within the bunch redistributes the curreht in the bunch 

and therefore its high-frequency spectrum which, in turn, changes the amplitude 

of the mode-feedback. There are also influences present, such as non-linearities 

in the motion, that damp the modes, so there is a threshold current for the lon- 

gitudinal microwave instability. If the peak current exceeds the threshold, many 



modes typically go unstable, and the resulting longitudinal motion is turbulent, 

lengthening the bunch and increasing the energy spread among the particles in 

the bunch. 

We cannot tolerate bunch lengthening in B-Factories for reasons we have 

discussed in Chapter 3. According to Equation (5), we cannot make /3r at 

the IR smaller than the bunchlength, but according to Equation (4), we must 

make it as small as we can. Therefore, we adjust & carefully just larger than 

the bunchlength. If then the bunch lengthens, our efforts are vitiated and the 

luminosity drops. We cannot accept extra energy spread either, because the 

T resonance is narrow. The conclusion is that we must avoid the longitudinal 

microwave instability. 

The impedance we use to describe this kind of beam-chamber interaction 

is called the longitudinal impedance, 211(w). It is the ratio of the longitudinal 

electric field on the axis (multiplied by the circumference of the orbit to create 

a voltage) to the current driving it (assumed sinusoidal). It is just the sum of 

all the local impedances around the orbit. If & is the sum of the electric fields, 

Z,,(w) = 7 . 

The threshold current for the longitudinal microwave instability, Ill, is 

2u( E/e)cwi 
4 = IZ,,(nwo)/nl ’ 

where Q is the momentum compaction factor of the ring, 06 is the fractional 

energy spread in the beam and ws is the angular orbital frequency. The number, 

R, is called the mode number; it counts the number of wavelengths of the field 

contained on the circumference, L, and according to what we have said it is a 

very high number indeed for the microwave instability. The bunch isiunstable if 

the peak bunch current exceeds Ill, i.e., if 

$y > 111 unstable 

where c8 is the r.m.s. bunchlength. The left-hand member is just an estimate of 

the peak bunch current. 

An interesting and important fact is that the quantity, Zll(~s)/n, is nearly 

independent of n for the n’s of interest in the vacuum chambers of storage rings 

like CESR. It is a constant, although one that differs somewhat from machine to 

machine, depending on the care with which the vacuum chamber was designed. 

How can we combat this instability? After we have lowered the impedance as 

far as it is feasible to do in a practical vacuum chamber, can we do anything else- 

feedback for instance? Unfortunately the very high frequencies of the modes are 

beyond the reach of current broad-band feedback practice. 

Fortunately, we have a way to build B-Factories without confronting this 

instability: we can increase the number of bunches without increasing the bunch 

current. We have been building storage rings for a couple of decades, and we 

have learned how low we can keep the impedance in a practical vacuum chamber 

and therefore how high a peak current we can hope to store. If we do not ask 

for higher bunch currents than those in today’s rings, we shall be on sound 

ground, and that is the reason referred to in the preceding chapter for choosing 

to increase the total beam current by adding many bunches rather than trying 

to increase the populations of the individual bunches. 

3.22. Transverse Mode-Coupling Instability 

The transverse mode-coupling instability is, as its name suggests, a trans- 

verse instability. The unstable motion is betatron motion as opposed to the 
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longitudinal motion of the microwave instability, but the cause of instability is 

the same. The bunch, once set into motion by noise, excites wakefields which 

in turn act back on the particles in the bunch and amplify the motion-another 

feedback mechanism. This instability is sometimes called the “fast head-tail” 

instability, because the wakefield of the head of the bunch drives the tail of the 

bunch and the resulting growth is very fast as instability growth rates go. Longi- 

tudinal motion, even though it is not driven unstable, plays a crucial role in the 

transverse mode-coupling instability. Since wakes can only follow their sources, 

not lead them, the head always drives the tail and the tail neuer drives the head. 

Therefore if the particles in the head at a particular time remained there forever, 

and if the same were true of the particles in the tail, there would be no feedback, 

but they don’t. The particles of the bunch constantly circulate longitudinally 

from head to tail and back. Thus head particles influence the motion of tail par- 

ticles which then become head particles and influence the original head particles 

which have become tail particles. What? 

The characteristic wavelengths of the electromagnetic field modes that drive 

the transverse mode-coupling instability range from a few bunchlengths, i.e., a 

few centimeters, to the longest modal wavelengths that exist in the chamber. 

The modes have transverse magnetic fields that are roughly constant over the 

transverse dimensions of the bunch and longitudinal electric fields that are zero 

on the axis and vary linearly with transverse position. Such a mode is shown 

in Figure 8. The mode is excited in proportion to the deviation of the center of 

charge of the head, and the tail particles are deviated by the magnetic field. 

The most useful impedance-like function for such modes is a spatial deriva- 

tive of an impedance. For the mode shown in Figure 8, the appropriate defini- 

tion is 

1) $0  
Lmu Transverse Impedance derwabve 

Fzgure 8: Fields of a mode that drives the transverse mode-coupling instability. 
Near the azis, the magnetic field is transverse and nearly constant and the electric 
field is longitudinal and linearly dependent on a transverse coordinate. 

We define a threshold current for the transverse mode-coupling instability. 

II = 4u(Ele) us (uJR) 
(8 Im kLff] ’ 

where V~ is the longitudinal oscillation frequency in units of the orbital frequency 

and (8) denotes the average value of the appropriate beta-function, horizontal 

or vertical, around the whole ring. The “radius,” R, is just the circumference 

of the ring divided by two pi. The impedance in the denominator, 2; e,,, is an 

average over the impedance function from the lowest mode up to those whose 

wavelengths correspond to the bunchlength. To avoid this instability the bunch 

current should not exceed Il. Again the condition for stability is 

stable 
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Like the microwave instability, the mode-coupling instability admonishes us 

to avoid increasing the bunch population. It is also beyond the reach of today’s 

feedback technology. 

3.2.3. Coupled-Bunch Instabilities 

The microwave instability is mediated by millimeter-wavelength fields. The 

transverse mode-coupling instability is driven by the whole spectrum of fields 

from long wavelengths to centimeter wavelengths. Because they can propagate in 

the vacuum chamber, millimeter- and centimeter-wavelength modes die out very 

rapidly. They are dead before the next bunch arrives. But what of the longer- 

wavelength, lower-frequency modes. 7 Such modes will exist in the rf cavities, 

for example, and since they cannot propagate in the vacuum chamber, they 

are trapped. Consequently they can have high Q-values and ring for a long 

time. We know that they act within the bunch, contributing to the mode- 

coupling instability, but they must also act from one bunch to the next and 

couple the coherent motions of the diferent bunches. The strengths of these 

modes determine the low-frequency values of the impedance functions, and if 

those values are too high, coupled-bunch instabilities will destroy the beam. 

These modes have not troubled today’s single rings, because the bunches in 

those machines are so far apart in time that even the these high-Q modes decay 

away between bunches, but they are extremely dangerous to B-Factories. 

Just as the intra-bunch instabilities occur in two varieties, longitudinal and 

transverse, so do the inter-bunch instabilities. Furthermore they are driven by 

electromagnetic modes that have the same characters as those that drive the 

intra-bunch instabilities in every respect save frequency. The difference in fre- 

quency, however, is of paramount importance. It opens the door to feedback 

systems to control these instabilities. 

Electnc-field 
panern at 352.11 MHz 

Figure 9: One quadrant of an rf cavity with only two trapped modes. The mode 
at 352 MHz is the accelerating mode. The mode at 963 MHz propagates down the 
pipe. Only the mode at 726 MHz remains to create unwanted parasitic impedance. 

Another feature of these modes is that they can exist only in fairly large 

boxes-remember the relationship between dimensions and loGlying modes- 

and the mode spectrum is not very dense. In other words, we know where to 

look for the offending parts of the chamber (mainly the rf cavities) and we know 

that only a few modes will plague us. Consequently, we c+n hope to “swamp” 

these modes, to damp them selectively. Research and development on highly 

damped cavities that display only one beam-interactive mohe is in progress in 

several centers. I 

110~ do we do this? Rf cavities, after all, are designed to present a high 

impedance to the rf generator, e.g., the klystron, so that a limited amount of 

rf power can produce the highest possible voltage. A cavity’s fundamental (ac- 

celerating) mode must, be a low-loss mode. But its higher modes are obnoxious; 
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they drive beam instabilities. Thus we need to learn to build cavities that, prac- 

tically speaking, have only one high-Q mode. That seems a tall order, but we are 

learning to do it by devising cavity shapes in which only the accelerating mode 

is “trapped.” The higher modes can propagate out through the beam pipes and 

consequently do not store field energy locally. Figure 9 shows one quadrant of a 

spheroid cavity with only a single parasitic energy-trapping mode. 

In spite of all the impedance-suppressing measures we can take, multibunch 

instabilities will still arise, and we must combat them with wide-band beam feed- 

back systems. These systems work by sensing beam motion and deflecting the 

individual bunches to damp the motion. Such feedback systems are in common 

use in accelerators and storage rings, but B-Factories will require particularly 

powerful ones. The bandwidth called for is half the bunch frequency, f~/2, and 

the power is measured in kilowatts. In the SLAC/LBL design, the figures are 

90 MHz and 2.6 kW. 

Between the two countermeasures, feedback and mode damping, it appears 

quite feasible to keep coupled-bunch instabilities under control in E-Factories. 

3.2.4. Ion-Beam Instability 

While a positron beam does not collect ions, an electron beam does, and if 

the ions produced by beam-gas collisions are allowed to collect in the beam, their 

fields will drive the beam unstable. We can see how this phenomenon works in 

a qualitative way by observing that a swarm of nearly stationary ions sitting in 

the volume of the electron beam acts like a continuous focusing lens-focusing 

because the ions attract the electrons. As the ions collect and their density builds 

up, the betatron tune of the beam shifts higher and higher until it approaches 

a strong resonance. As it approaches the resonance, the electron beam develops 

scallops that grow larger and larger, and it becomes useless for colliding beams. 

LEB Exit 

12-m 6787&!0 LEB Enlry 

Figure 10: Horizontal S-bend interaction region design. The two beams enter 
and exit along separate lines; they follow a common line through the collision 
point at the center where they collide head-on. 

Mercifully a bunched beam can be made to drive out ions rather than col- 

lect them, at least in linear-approximation theory. We have s&me experience 

with this process in storage rings devoted to producing synchrotron radiation, 

but we cannot claim at this time to understand everything we have observed. 

Understanding these phenomena is one of our challenges. 

4. The Interaction Region 

In single-ring colliding-beam storage rings, head-on collisions are automatic 

if no transverse electric fields are introduced in the vacuum chamber. Further- 

more the optics for the two beams are the same. These things are not true for 

beams in two separate rings. When the beams are stored in &Eerent rings, a 

special transport system must be devised to carry the two beams from their re- 

spective rings to the collision point and to deliver them back into their respective 
I 

rings and to trim their optics so that the beams are properly matched at the col- 

lision point. In cases where the two beam energies are the same, we have to use 

electric fields to combine and separate the beams, but in a B-Factory the beams 

have different energies and that circumstance actually helps us. Since particles 
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of different energies follow different orbits in magnets, the combination and sep- 

aration can, in principle, be accomplished with magnets alone. Several schemes 

have been developed, and one of them is shown in Figure 10 in which horizontal 

bending exclusively is used to bring the beams together and separate them. 

All schemes in which the paths of the two beams are colineat at the inter- 

action point share a common disadvantage. The paths cannot begin to diverge 

until they enter the first bending magnet, a feature that acts to the detriment of 

using lots of bunches. The point is related to the “distant collisions” of counter- 

moving bunches at other points than the interaction point, encounters in which 

the centers of charge are well separated laterally so that each bunch feels the 

“l/r” field of the other. Even a “l/r” field is non-linear, so while we want 

them to collide at the IP, we do not want the bunches to feel each other’s fields 

anywhere else, because any other encounters, would be disruptive and would 

probably lower the attainable luminosity. 

To understand this matter more clearly, let us follow a bunch out from 

the IP after the main, luminosity-producing collision. The bunches in both 

rings are separated by some common bunch separation, let’s call it Sg, equal to 

the circumference divided by the bunch number. After our sample bunch has 

progressed by Ss/2, it passes the next incoming bunch; when it reaches Se, it 

passes the following incoming bunch; and so on. Ideally we would like to shield 

the bunches from each other in these encounters by having them in separate 

metal pipes, but we cannot do it until the two orbits have separated enough to 

insert a metal wall between them. In this way schemes in which the paths of the 

two beams are colinear at the interaction point are disadvantageous. 

From this point of view, a scheme in which the two orbits cross at an angle 

would be preferable. In that case, the orbits begin separating immediately as 

they leave the IP. Unfortunately, there is a catch. Since the needle-like bunches 

WHAT’S WRONG WITH A CROSSING ANGLE? 

If use >> oy 

Luminosity/ unit current is reduced ,,.,,,. 

Figure 11: Collisions with a crossing angle. Think of one bunch as the target 
for the other one. The projected area of the target bunch is increased by the 
crossing angle, so the target density is reduced. 

Uncrabbing InE;;cFn 
Cavitv 

Figure 12: A diagmm of cmb crossing which shows how, by tilting the bunches 
(by half the crossing angle), crossing is made to appear “head-&. ” To the parti- 
cles of one bunch, the other bunch seems to have the same target density it would 
have in a head-on collision, and no luminosity is sacrificed. After being tilted on 
one side of the IR, the bunches need to be un-tilted on the other side. Powerful 
rf cavities are needed to do that. 

are aligned along the orbits, and the orbits cross each other at an angle, the 

bunches plough through each other at an angle, and the luminosity is degraded. 

Figure 11 shows how it happens. 
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A remedy for this defect has been proposed: it is called cmb crossing. In 

the crab-crossing scheme, illustrated schematically in Figure 12, the orbits cross 

at an angle, but the bunches are tilted relative to the their orbits on one side of 

the IR and un-tilted on the other side, so that, in effect, they collide head-on, 

and no luminosity is lost. If one observes the collision from a frame of reference 

moving upward through the IP, the collision is head-on. 

The crab-crossing scheme has the merit that it eases the problems of sepa- 

rating the bunches of the opposing beams, but it carries with it some drawbacks 

too. The chief drawback is that powerful rf cavities must be installed on either 

side of the interaction region to accomplish the bunch-tilting; these cavities bring 

with them additional impedances to aggravate instabilities. 

5. Selected B-Factory Designs 

As an epilogue, we offer a sampler of current B-Factory designs. The art 

of designing B-Factories is comparatively young-less than five years old-and 

naturally it is developing and becoming more sophisticated. Therefore, we can 

expect that the B-Factory designs of the future will differ in some ways from 

those of today. Still the B-Factory designs we have in hand today are remarkably 

alike in many respects, which connotes a certain degree of maturity. Table 2, 

Table 3, and Table 4 present some salient characteristics of three current designs: 

the SLAC/LBL design, the Cornell design for a future asymmetric system and 

a design carried out cooperatively by CERN and PSI, Darmstadt. 

Table 1. 

Beam energy, E (GeV) 

Max. luminosity, L: (cmT2 s-‘) 

Max. tune shift. I, 

Radiated power/beam (MW) 0.08 

Beam current, I (A) 0.077 

Number of bunches, k~ 7 

Bunch frequency, f~ (MHz) 2.7 

I.R. beta-function, & (cm) 1.5 

Beam aspect ratio, r <<I 

Circumference (m) 768 

Long. impedance, IZll(nws)/nl (Ohms) 1 

Table 1: Parameters of Cornell’s CESR storage ring in service as a B-Factory. 

Table 2. 

Beam energy, E (GeV) 9.0/3.1 

Max. luminosity, L: (cmd2 s-l) 3 x 1633 

Max. tune shift, &, ,0.03 

Radiated power/beam (MW) 5.512.7 

Beam current, I (A) 1.48/2.14 

Number of bunches, k~ 1746/1746 

Bunch frequency, fB (MHz) ,238 

I.R. beta-function, pr, (cm) 31.0/1.5 

Beam aspect ratio, r <l 

Circumference (m) 2200 

Long. impedance, lZll(nws)/nl (Ohms) 1.5 

Table 2: The SLAC/LBL (PEP-based) B-Factory design. 
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Table 3. 

Beam energy, E (GeV) 8.013.5 

Max. luminosity, L (cmv2 s-l) 3 x 1033 

Max. tune shift, &, 0.03 

Radiated power/beam (MW) 3.210.3 

Beam current, I (A) 0.6/1.4 

Number of bunches, kg 210/210 

Bunch frequency, fB (MHz) 82 

I.R. beta-function, &, (cm) l.O/l.O 

Beam aspect ratio, r <<I 

Circumference (m) 768 

Long. impedance, IZlf(nwo)/nl (Ohms) 1.8/0.14 

Table 3: The Cornell Asymmetric B-Factory design of May 1990. 

Table 4. 

I Beam energy, E (GeV) I 8.0/3.5 

Max. luminosity, L: (cm-’ s-r) I 1 x 1033 

Max. tune shift, &, 

Radiated power/beam (MW) 

0.03 

3.1/0.4 

I ~~~ Beam current, I (A) I 0.6/1.3 

Number of bunches, kB I 80/80 

I Bunch frequency, fB (MHz) I 25 

I.R. beta-function, & (cm) I 3.0/3.0 

I Beam aspect ratio, r I <l 

Circumference (m) 963 

Long. impedance, IZff(nws)/nl (Ohms) 0.3 

Table 4: The CERN/PSI B-Factory of March 1990. 
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RARE KAON DECAYS 

Jack L. Ritchie 
Department of Physics 

University of Tezas, Austin, TX 78712 

Abstract 

Recent experiments on rare kaon decays are described, with emphasis 
on the program at the Brookhaven National Laboratory Alternating Gradi- 
ent Synchrotron. New limits on the modes KL + pe and Kr, -v ee and 
a preliminary new measurement of the Kr. + pp branching ratio are pre- 
sented from AGS Experiment 791. Other modes, including K+ + x+p’+e-, 

K+ + r+ + nothing, and KL -+ r’e+e-, which have been the focus of 

other AGS experiments, are also discussed. 
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1 Introduction 

The study of kaon decays has contributed much to our present understanding 

of particle physics. In the early 1970 s, however, there was something of a 
hiatus in these studies, which lasted for roughly a decade. Recently, renewed 

interest led to a series of very ambitious experiments, utilizing state-of-the-art 
detector technology, to achieve previously unattainable sensitivities. Work on 
these new experiments began about five years ago and the first round of these 
experiments is coming to an end. Even more ambitious experiments are being 
planned for the future. 

The historically “rare” decays KL + srr and KL -+ /JC( will be discussed 
first, both to illustrate the importance of such studies in the evolution of our 
present day thinking and also to set the stage for considering recent work. 

The decay KL + x+x- was first observed[I] in 1964 and with it the first 
violation of the hypothesis that the combined operation of parity and charge 
conjugation (CP) was a conserved quantity. The branching ratio for Kr. + 
rr+s- is 2 x 10e3. Once considered to be a rare decay, this is copious by the 
standards which apply today. In some of the modern experiments discussed 
below, this decay serves primarily as a calibration. 

The common decay K* + p*v occurs via a strangeness changing charged 
current interaction through the exchange of the W* boson. In a gauge theory 

based on SU(2), a strangeness changing neutral current interaction should also 
exist. Experimentally, however, it has long been known that the decay Kr. + 

JIM is extremely rare. Since the early 1970 s it has been clear that the decay 
rate for KL + pp is approximately saturated by the process KL ---) -y-y + pp, 

shown in Figure l(a), and that the branching ratio was at the level of lo-’ or 

somewhat smaller[2, 3, 4, 51. The solution to this dilemma was proposed by 
Glashow, Illiopoulos, and Maiani[G]. By introducing a fourth quark (charm) 

in a weak isospin doublet with the strange quark, they showed that there was 
a cancellation between tree level flavor changing terms. Second order weak 

contributions to Kr. + /JP were still possible from the box diagrams shown 

in Figure l(b) and (c), but enter with opposite sign, so that as long as the 

charm quark mass was below about 3 GeV, this contribution was within the 
experimentally allowed range. 

@) (cl 

Figure 1: Contributions to KL + pp: (a) the l-photon process, (b) and (c) the 

box diagrams involving the up and charm quarks, respectively. These latter 
two contributions substantially cancel. 

Figure 2: Diagrams for the decays KL ---) pe (left) and K+ -+ p+u (right). 
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Prior to 1988, the world’s sample of KL + pp decays was 25 events[3,4,5]. 
One experiment, Expt. 791 at the Brookhaven National Laboratory (BNL), 

has recently collected a data sample consisting of about 700 such decays. 
. 

2 AGS Expt. 791 

AGS Expt. 791[7] has primarily focused on the forbidden decay KL -r pe, 
but also has sensitivity for the strangeness changing neutral current decays 
KL -+ pp and KL -+ ee. The conservation of separate lepton number (e.g., 
muon number) is a feature of the Standard Model, but is not expected to 
hold in most of the popular extensions (such as technicolor, supersymmetry, 
etc.). Observation of the decay KL + pe would be a signal of new physics. 
Unfortunately, there is no particular prediction for the branching ratio which 
provides a clear experimental target. Nonetheless, the power of a search for 
a small branching ratio decay to probe for very high mass scale interactions 
makes this an attractive avenue of research. The conventional argument is 
to compare the ratio of decay rates of the processes shown in Figure 2. The 

diagram on the left shows I<,. + pe, mediated by some heavy particle H with 
msss M. The diagram on the right show the familiar decay K+ ---) p+v. To 
a good approximation, phase space and helicity factors cancel in the ratio, so 
that 

where g is the electroweak coupling, 0, the Cabibbo angle, and Mw the mass 

of the W boson. Substituting known quantities and rearranging the equation 

leads to 

MM N 20 TeV 
1 x 10-s 

l?r(K~ --) pe) 
Assuming couplings similar to the electroweak coupling, a branching ratio of 

lo-” corresponds to a mass around 110 TeV. No presently forseeable acceler- 

ator can reach such energies. 
The decay rate for KL -+ JI/I is dominated by the 2-photon intermediate 

state, as seen from the fact that the branching ratio is consistent with the 
absorptive (imaginary) amplitude (KL + 7-y -+ pp) alone, a value usually re- 

ferred to as the unitarity bound. The standard value of the unitarity bound[8] 

is given by 

r(K, + p/i).,, = 1.2 x 10-‘r(K~ + -yy). 

The Particle Data Group[S] lists (5.70 f 0.23) x lo-’ as the branching ratio 
for KL -+ 7-r. Therefore, the unitarity bound is about 6.8 x 10-s. [There is 
a theoretical uncertainty at the 10 to 20% level, on top of the experimental 
uncertamty of &(KL + r-y), so this is not a rigid bound.] Recent measure- 
ments of KL -+ JIM, which are dominated by E791, are close to this value, so 
that the dispersive amplitude is evidently small. 

Interpretation of the KL + cp branching ratio is made difficult by the 
long-distance nature of the dominant 2-photon contribution. Short-distance 
contributions to KL -+ pp have been evaluated[lO] and the general conse- 
quence of a small dispersive amplitude for KL -+ I(JI is to limit the magnitude 

of the real part of the CKM product Vrz&d as a function of the top quark mass. 
Some recent theoretical analyses[ll] use the recent results from CERN[IZ] and 
BNL[l3] on the KL + eey form factor in estimating the long distance part of 
the KL 4 pp dispersive amplitude. They then derive constraints on the short 

distance part, using the Kr, --) P/J branching ratio, which in turn constrains 
CKM parameters. One conclusion of this analysis is that the branching ratio 
for K+ + x+vp is probably smaller than previously expected. 

The decay IC, 4 ee also receives a contribution from the 2-photon process 
that dominates KL + pp. However, this contribution is helicity suppressed, 

so that the expected branching ratio is much smaller than Kr. + pp. The 
suppression, however, is not simply a factor of mz/rn:, which would reduce it 
to the 2 x lo-l3 level. Instead, there is a logarithmic singularity as rnc -+ 0 in 
the total electrodynamic cross section for 7-r + P+e- which modifies the naive 

factor by more than an order of magnitude. Consequently, it is expected[8] 
that 'KL + ee occurs at a branching ratio of about 3 x 10-l’. The range 
between this value and the KL -+ pp level is a window for observing a new 
flavor-changing neutral current interaction. 

Before discussing the experiment, it is useful to discuss the sources of back- 
ground. The most important potential background to KL -r Fe comes from 
the decay KL + rrev, followed by x --) /.w in flight (or alternatively, simple 
misidentification of the rr ss a p). If the energy of the v in the Ke3 decay is 
close to zero, the event can be confused with KL + pe. Rejection of this back- 
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ground depends on the invariant mass distribution of the background process 
having an end-point 8.4 MeV below the mass of the KL. Therefore, precise 
event reconstruction is essential. The next most important potential back- 

ground is the decay KL + xev in which the A is misidentified as an e and the 
e is misidentified as a p. If this occurs, then in the case where the misidentified 
x has large momentum compared to the electron, the event can reconstruct 

with invariant mass equal to (or above) the KL mass. Good particle identifica- 
tion is required to reject this background. An additional potential background 
is the overlap of two KL decays (KL + xey and Kr. + X/U), with the pions 
being missed. Calculations indicate this background should not be a problem 

above the 10-r’ level, which is not approached by the present generation of 

experiments. 
E791 was performed in the B5 neutral beam at the AGS. Figure 3 shows 

the E791 detector layout. About 4-5 x10” protons per spill with 24 GeV 

in energy were incident on a one interaction length copper target. A neutral 

beam was defined by a series of collimators centered at a 2.75 degree angle from 
the incident proton beam direction. Two dipole sweeping magnets removed 
charged particles from the beam. The “decay volume” was a region extending 
from roughly 10 meters from the target to the most upstream drift chamber 

at 18 meters from the target. Most of the collimation channel and the entire 
decay volume were under vacuum. The beam volume within the spectrometer 
was filled with helium. 

Tracking was performed by five drift chamber modules (each module makes 
two z and two y measurements). The regions between drift chambers were 
filled with helium to reduce. multiple scattering and particle interactions. Each 
of the two dipole magnets provided APT N 300 MeV, but with opposite sign. 
Downstream of the final drift chamber, a finely segmented scintillator ho- 

doscope, a gas threshold Cerenkov counter, another hodoscope and a large 
lead glass array followed in sequence. The scintillation counter hodoscopes 
provided the signals used in the lowest level (fast logic) trigger. The Cerenkov 
counter also provided a fast signal, corresponding to the presence of an elec- 

tron, which was used in the low level trigger. The lead glass gave an electro- 

magnet energy measurement which was used for offline s : e discrimination. 
A meter of steel followed the lead glass to stop all particles except muons. 

10 - 
m. 
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Figure 3: Plan view of the E791 detector. 



Behind the steel, a segmented scintillation hodoscope provided a fast muon 
signal for the low level trigger. Finally, muons were stopped in a segmented 
absorber stack with large proportional wire chambers spaced throughout the 
stack. This “rangefinder”[14] provided a muon range measurement which cor- 

responds to a 10% measurement of momentum and was important in the offline 
muon identification. 

High rate capability was achieved with a system of fully-custom high speed 
front-end electronics[l5, 161, a massively parallel readout architecture[l7], and 
a multi-level trigger system. Trigger decisions were made in two stages. A 
low level fast logic trigger was based on the scintillation counter hodoscopes, 
the Cerenkov counter, the muon hodoscopes, and meantimer signals from the 

upstream drift chambers. A high level trigger was based on rudimentary event 
reconstruction using drift chamber hits. This was carried out in a farm of 

eight SLAC 3081/E processors.[lE] 
The event analysis consisted of basically four steps: (1) pattern recognition 

using drift chamber hits to identify tracks in the spectrometer; (2) fitting the 
event to obtain the best tracking and momentum information; (3) imposition 
of particle identification criteria from the cerenkov counter, lead glass, muon 
hodoscope and muon rangefinder to classify the event; and (4) imposition of 
final fiducial-type cuts to insure events were fully contained within the detector 
volume and that the kinematic measurements were of high quality. 

The decay KL + rr+x- has the same topology as KL 4 pe, is copious 
by modern standards, and its branching ratio is well known. It is useful as 

an indicator of detector performance and a heavily prescaled sample is used 
as the branching ratio normalization. A useful quantity, denoted by OK, and 
referred to as the collinearity angle, is the angle the reconstructed KL makes 
with respect to the line from the target to the decay vertex. This quantity will 
be zero (within measurement resolution) for decays with no missing particles, 
but will usually be much larger in cases where there is missing transverse mo- 
mentum due to missed neutrinos. Figure 4(a) shows Ok versus xx invariant 
mass for a sample of KL -+ K+R- events. A gaussian fit to the mass distribu- 

tion after a cut requiring @K < 1 mrad, shown in Figure 4(b), yields a mass 

resolution of 1.4 MeV. 
E791 has completed three data taking runs, in 1988, 1989, and 1990. The 
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Figure 4: (a) Scatter plot of the square of the angle, @K, between the parent 

Kr. direction and the direction of the reconstructed KL versus invariant mass 

for (a) KL -+ *+A- events and (b) the projection onto the mass axis after 
requiring eK < 1 mrad. 

-263- 



best published limits[l9) on KL + pe and K‘ + ee and the highest statistics 

KL ---t pp branching ratio measurement[20] are from the 1988 run of E791. The 

analysis of data taken during 1989 is now almost completed. No ICI, -+ p’e 
do KL -+ ee candidates have been found. The I<r. + pp signal is 284 f 19 
events. Candidate events for the modes KL -+ pp and ILL -+ pc are shown in 

Figure 5. The preliminary new results are: 

i?r(K~ -t pe) < 8.4 x lo-” (90% confidence level) ’ 

Br(K‘ + ee) < 1.1 x 10-r’ (90% confidence level) 

Br(l(L ---t pp) = (7.6 f 0.5(stat.) f O.Q(syst.)) x lo-‘. 

The 1990 data will be combined with the 1988 and 1989 samples in the 
future. Figure 6 shows the combined Kt ---( pp sample in a single histogram. 
More than 700 events are in the peak. 

Two other experiments, E780 at BNL and El37 at KEK, have produced 
results on the modes I(r, + pe, KL + ee, and Kr. -+ pp recently. Tables 1, 
2, and 3 summarize the history of experimental results on these modes. 

3 AGS Expt. 777 

A related process to K‘ -+ pe is K+ + rr+pe, which also would violate 
separate lepton number conservation. A comparison of K+ + a+pe to Icr. w 
s’pv, following along the lines of the earlier argument for Kr. + pe, can be 
used to show that 

MH z 8 TeV 
1 x 1o-s 

BrlKf -b r+Ge) 

Therefore, K+ + rr+pe is somewhat less sensitive to high mass scales than 
Kr. + pe for a V - A interaction.’ However, this process probes the scaler or 
vector part of a new interaction, while KL --* pe is sensitive to the pseudoscaler 
or axial vector part. It is important therefore to do both experiments. 

E777[24] is shown in Figure 7. The beam contained about 2x IO8 positively 

charged 6 GeV particles per spill, of which about 5% were I<+‘s. The detector 

consisted of two spectrometer magnets, multiwire proportional chambers for 
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Figure 5: Scatter plots of the square of the angle, OK, between the parent KL 
direction and the direction of the reconstructed KL versus invariant mass, for 

(a) KL --) pp and (b) KL + pe. 
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I Source I 90% C.L. Limit I 

1986 Particle Data Book 6 x 10-s 
. BNL E7801211 I 1.9x10-s 

1 KEK El371221 I 4.3 x lo-r0 1 
BNL E791[19] (1988 data only) 1 2.2 x lo-‘0 

KEK El371231 (unpublished) I 2.1 x lo-r0 

] BNL E791 (new - 1989 data only - preliminary) ] 8.4 x 10-l’ I 

Table 1: Results from recent Z<n + pe searches. 

I Source 90% C.L. Limit 

1986 Particle Data Book 

BNL E7801211 

2 x lo-’ 

I 1.2 x 1o-g 

] KEK El371221 1 5.6 x 10-r’ I 

BNL E791[19] (1988 data only) 3.2 x 10-r’ 

KEK E137[23] (unpublished) 2.7 x 10-l’ 

BNL E791 (new - 1989 data only - preliminarv) 1.1 x lo-lo 

Table 2: Results from recent Icn -+ ee searches. 

Source I Year I Events I BR (x lo-‘) I 
I Clark et al.121 I 1971 1 0 I <1.8 ] 

Carithers et a1.[3] 1 1973 6 14::” 

Fukushima et al.141 1 1976 I 3 ] 8.8"O.' << 
Shochet et al.[5] 1977 16 8.1? 1.8 

KEK E137[22] 1989 54 8.4 f 1.1 

BNL E7911191 (1988 data only) 1989 87 5.8 f 0.6 f 0.4 

BNL E791 (1989 data only - prelim.) 1990 284 7.6 f 0.5 f 0.4 

Unitarity bound E 6.8 

GeV/cs 

Figure 6: KL 4 p+/~- events from the full E791 data sample. 

LEFT SIDE 

LEAD-SCINTILLATDR 1 
CALmMETER 

RIGHT SIDE 

Figure 7: Plan view of the E777 detector. 
Table 3: Summary of I<r. -+ pp branching rat,io measurements. 
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tracking, sequential Cerenkov counters to obtain high quality particle identi- 
fication, a lead-scintillator shower counter, and a muon detector consisting of 
steel plates alternating with planes of proportional tubes. The decay mode 
K+ L, rr+rr+rr- was used as a normalization in this experiment. Figure 8(a) 
shows K+ -+ X+A+X- events on a scatter plot of rms distance of closest ap- 

proach of three track combinations to a common vertex (S) versus invariant 
mass. Figure 8(b) shows K+ -+ r+p+e- candidates on a similar plot. No 
candidates fall within the box. From these data, E777 has pubEshed(251 a 90% 
confidence level upper limit on I(+ + x+p+e- of 2.1 x 10-i’. The best limit 
on the other sign process, K+ ---t rr+p-e+, is 6.9 x lo-’ from an experiment 
performed several years ago at the CERN PS.[26] 

E777 was also sensitive to I(+ + rr+e+e- and has collected a sample of 
roughly 2000 such decays. This has already lead to limits[27] on the process 
K+ + rr+AO, followed by A” + e+e-, where A” is an axion-like particle or 
possibly a light Higgs. Ultimately, the analysis of I(+ + s+e+e- events should 
result in improved measurements on the branching ratio and structure of this 
decay and a new measurement of the branching ratio for so + e+e-. 

4 AGS Expt. 787 

In the decay K+ --) K+ + nothing, the nothing refers to one or more neu- 
tral very weakly interacting particles, which are not observed in the detector. 
Several candidates have been proposed which could provide the nothing; ex- 
amples include the familon, two light photinos, and a host of others. But the 
process can also occur in the Standard Model through the second order weak 
diagrams shown in Figure 9, in which case the decay is I(+ -t r+u~. These 

diagrams have been calculated by a number of authors(281 and until recently 
it was expected the branching ratio was in the range l-8x10-i’. It should 
be particularly sensitive to the V,, element of the Kobayashi-Maskawa matrix, 
and given a knowledge of the top quark mass, a measurement of this branching 

ratio will probably provide the best measure of Vtd. However, as noted earlier, 

the recent measurements of the Kt -+ pp branching ratio provide additional 
information on Standard Model parameters which tends to rule out[ll] the 

upper half of the allowed range. 
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Figure 8: Scatter plots of the quantity S versus invariant mass, for (a) K+ + 
rr+s+rr- and (b) K+ -+ rr+p+e- from E777. 
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Figure 9: Diagrams responsible for K+ -+ s+vr in the Standard Model. 

(4 DECdDER DklFT CHAMBER 

RANGE ’ STACK ’ l-COUNTER 

Figure 10: Schematic (a) side and (b) end views showing the upper half of the 
E787 detector. 
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Expt. 787[29] at BNL is searching for this decay and has the goal of 
reaching the Standard Model level. The experiment stops K+‘s in an active 

scintillating fiber target. The K+ decay products are then observed in a large, 
virtually hermetic, 4x detector which is shown in Figure 10. The scintillating 
fiber target is surrounded by a cylindrical drift chamber. A plastic scintillator 
range stack surrounds the central drift chamber. Finally, a lead-scintillator 
photon veto system surrounds the range stack. A field of 1 Tesla is applied by 
a solenoidal magnet. 

The major backgrounds for K+ --) r+uli are the familiar decays K+ -+ 
K+B’ and I(+ -) p+v. Both of these decays create a H+ with a specific 
momentum, while the I<+ -+ n+vti creates a K+ with a momentum distributed 
from 0 to 227 MeV, so that some rejection comes from simply avoiding these 
peaks. Additional rejection of the K+ + A++’ comes from vetoing the photons 
from the x0, which is done so efficiently that only about 2 in 10s x0’s are 
missed. Additional rejection against I(+ -+ p+v is obtained by observing the 
full x+ decay chain (s + p -+ e). Th’ 1s is accomplished by digitizing the 
photomultiplier signals from the range stack with 500 MHz 8-bit transcient 
digitizers over a period of 10 nsec for each event. 

E787 took data during 1988, 1989, and 1990 at the AGS. Results from the 

1988 data include: 

l an upper limit[30] (90% confidence level) of 1.5 x lo-’ on the branching 

ratio of the decay I(+ + x+H, followed by H -+ p+p-, for a Higgs 

boson in the mass interval 220 < rn~ < 320 MeV/c’; 

l upper limits[30] on the branching ratios of the decays K+ -+ n+p’+p- 

and If+ + ~+v~+~- of 2.3 x 10m7 and 4.1 x IO-‘, respectively; 

l an upper limit[31] of 3.4 x lo-* for K+ --) s+v?i; and 

l an upper limit[31] of 6.4 x lo-’ for decays of the form Ii+ ---) sr+,Y’, 

where X” is any massless, weakly interacting particle. 

Figure 11 shows a scatter plot of range versus kinetic energy for pions in 
E787. K+ -+ ?r+vv decays would appear inside the box. The events which are 
seen are consistent with the interpretation of I(+ + A+Z? decays where both 

photons escape detection. 
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Figure 11: Range versus kinetic energy of pions in events satisfying all selection 
criteria for K+ + s+uV from E787. The dotted curves on the projection axes 
show the expected Standard Model K+ + rr+uP spectrum folded with the 
detector resolution. 

Results are not yet available from the 1989 and 1990 data samples of E787. 
It is expected that the combined sensitivity of these new data will approach 

or perhaps go below the 1 x 10-9 level for K+ + rr+uir. Future upgrades to 
the beam and the detector are planned which will ultimately result in E787 
reaching the Standard Model prediction for K+ + r+vZi. The hope, of course, 

is to see K+ -+ r++nothing above that level, since it would signal new physics. 

5 AGS Expt. 845 

The decay KL -+ rPe+e- is expected[32] to occur within the Standard Model 

with a branching ratio in the neighborhood of IO-“. Its observation at a 
significantly higher level would signal a new flavor changing neutral current 

interaction. However, most of the recent interest in this process has been 
motivated by its sensitivity to direct CP violation in the Standard Model, 
which refers to the “direct” decay of the CP-odd eigenstate Kz to a state of 

even CP, rather than to the decay of the small admixture (characterized by the 
familiar parameter c) of the CP-even state Zcr in the KL. Three amplitudes 
are expected to contribute to the rate for this decay: a direct CP violating 
part, a CP violating part due to mass mixing, and a CP conserving part due 
to the 2-photon exchange process KL + s”-r’7’ + rPe+e-. The presence 
of the three contributions complicates both the theoretical discussion of this 
decay and the experimental program necessary to explore it. The hope has 
been that the direct CP violation in this decay will be the dominant part, so 
that a measurement of the branching ratio will provide a good constraint on 
the CP violating KM product sssss6, subject to knowledge of the top quark 
mass. 

Three experiments have published limits on KL + rr”e+e-. These are listed 
in Table 4. The lowest is from BNL E845(33]. The ES45 detector is shown in 
Figure 12. It is a compact detector, to obtain large 4-body acceptance, with 
a dipole spectrometer magnet, drift chambers, a hydrogen Cerenkov counter, 
and a lead glass array. Figure 13 shows IC, -+ +‘e+e- candidates. While 

no events appear inside the signal box, it is clear that there are background 

events nearby. 
The E845 collaboration has explained this background as coming from the 
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Source 90% C.L. Limit 

CERN NA311341 1 4 x 10-s 

1 FNAL E731135) 1 7.5 x IO-’ 1 

1 BNL E845[36] 1 5.5 x 10-Q 

Table 4: Results from recent KL + ~Oe+e- searches. 

direct KL -+ e+e-yy decay. It occurs through internal bremsstrahlung of 
a photon from one of the e’s in the decay KL + e+e-y. A calculation by 
Greenlee(37] (a member of the ES45 collaboration) has shown that the direct 
KL -+ e+e-rr decay constitutes a serious, probably fatal background to the 
experimental study of the KL -+ +‘e+e- decay mode. The calculated branch- 
ing ratio for KL + e+e-+yr is 2.8 x lo-‘. While considerable suppression of 
the background process can be obtained through kinematic cuts, ultimately 
the suppression is inadequate provided the KL --) z’e+e- branching ratio is 
at or below about 1 x lo- . lo This can be seen from Figure 14. The figure 
shows the branching ratio at which the background appears as a function of 
the efficiency of cuts on the signal process, KL -t ~‘e+e-. This calculation 
assume the requirement ]m-,, - mr.I < 5 MeV. 

An independent calculation by Dicus[38] reproduces the Greenlee result 
(within a factor of two). The results of this calculation are shown in Fig- 
ure 15. Here, the effective branching ratio of the background process (after 
cuts requiring rnee > rn+ and lm.,.., - rnnmj < 5 MeV) is plotted along with 
that for the signal, as a function of a cut on Ocr. The angle B. is defined as the 
smallest angle between any electron and any photon in the decay, calculated 
in the center of mass frame. This angle is a natural variable to cut on since the 

radiated photon in the KL + e+e-rT decay will tend to be along the direction 
of the radiating electron. In the figure, the branching ratio for h’L -+ +‘e+e- 

has been taken as 1 x lo-“. 
ES45 also observed 919 events of the type KL -+ e+e-7, leading to a new 

measurement[l3]of the branching ratio and form factor for that decay. These 

results are in excellent agreement with an earlier measurement by NA31[12] 

at CERN. 

f 

Figure 14: Predicted effective branching ratio at which the background process 
KL + e+e-y-y appears as a function of the efficiency of kinematic cuts on 

KL -+ ?e+e-, from reference 37. 

Figure 15: Predicted effective branching ratio of Kr. + e+e-r-y (solid line) 
and KL -+ r”e+e-(dashed line) versus the minumum center of maSs angle 

between any ey pair. 
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6 Conclusion References 

Three of the four AGS experiments which have been discussed, E791, E777 
yd E845, have completed data taking. Final results from E791 on the modes 

KL + pe, KL --) ee, and KL + pj~ can be expected within the next six to nine 
months. Additional results from E777 on K+ 4 ?r+e+e- should be available 
soon. New proposals have been submitted to BNL for experiments to push 
both KL -+ pe and K+ -* r+p+e- to the 10-i’ level. No future work at 
BNL is contemplated on the ILL -+ rr’e+e- mode. The approved experiments 

at KEK (E162) and FNAL (E799) will probably be background limited. E787 
will have new results from 1989 and 1990 data sets soon. E787 has a plan for 
a series of beamline and detector upgrades which will ultimately result in a 
sensitivity for K+ + rr+v~ at the Standard Model level. 
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ABSTRACT 

Two experiments will be discussed, NA31 and CP-LEAR. The main re- 
sults of NA31 on CP- and CPT- violation will be reviewed . A recent 
measurement of the decay Kt + v”yr , which has some relevance for CP- 
violation in the decay Kr. + r’e+e-,will be presented in some detail, and 
a new proposal for a more precise measurement of c’/c will be outlined. 
For CP-LEAR the aims of the experiment and a brief status report will 
be given. 

1. CP- and CPT- violation parameters 

There are two distinct possibilities of CP- violation in K” decay: by state 
mixing and in the decay matrix. Mixing between K” and x0 occurs because K” 
and A?O couple to the same intermediate dater via the weak interaction. The 
eigenstates KL and KS with definite masses and lifetimes are not necessarily 
identical with the eigenstates K1 and Kz of the CP- operator. In general one 
has 

KL = Ji&(Kz + -KI) 

and CL = cs = c, if CPT is conserved. If the time evolution of the K” and ze 
states is parametrized by the mass matrix M  and the decay matrix I’, viz. 

the parameter t is related to the matrix elements by 

_ r12 -ri2 +i(& - M;,) e - es + CL 

2 rs-7~ -2i(mL -ms) ' 
(4) 

In the traditional phase convention (Ae= real, see below) Fr2 is practically real 
and the phase oft is determined by the phase of the denominator of (4), with 
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Fig. 1.a) Box diagram b) Penguin diagram 

the numerical value 4. = (43.7f 0.2)‘. With this admixture of tK1 in its wave function, 
the KL-state can now decay to z+r- or x0x0, which are even under CP because of 
Bose- statistics. Since < 2x(K~ >= 6 < 2rlK(~ >, the ratio of decay rates into charged 
and neutral pions is the same for KL and KS, if state mixing is the only source of 
CP- violation, as for example in the superweak model’. With quark diagrams the 
mixing is described by the famous box graph (Fig.la). The real part of the amplitude 
is related to Am= rn~ - ms, the imaginary part to c. As first noticed by Kobayashi 
and Maskawa’, with three generations of quarks it is possible to have a unitary quark 
mixing matrix with complex phase factors that cannot be absorbed in the detinition of 
quark states. The smallness of CP- violation is then due to the smallness of the product 
of the three generation- mixing angles. If these angles were large, CP-violation would 
be a prominent effect. 

A second possibility is that CP is violated in the transition itself (direct CP- viola- 
tion). This happens if the matrix elements A0 and A2 between K” and the two possible 
I=0 and I=2 eigenstates of two pions do not have the same phase. Denoting the strong 
interaction phase shifts with 6, , the transition amplitudes are given by 

< 2xl,lTIK” >= Arexp(i61) (5) 
< 2rl,lTlli” >= A,exp(i6,). (6) 

One phase is free; in the usual convention , A0 is taken to be real. Direct CP- violation 
is then linked to a nonzero value of 

Note that the phase of c’ is given by the strong interaction phase shifts 3 

q&t = f + 62 - 60 z (45 f 15)’ . (8) 

In the standard model, c’ can be calculated, in principle, from Penguin- diagrams 
(Fig.lb). These involve exchange of gluons. More recently, exchanges of photon and 
20 were also computed ‘, with the effect of decreasing d/c for higher masses of the top 
quark. 

Quite independent of the details of these calculations it is worthwhile to fmd out 
experimentally whether there is CP- violation in a A S = 1 transition. If there is, it 
seems indeed plausible that CP- violation is related to quark mixing. Even though 6’ 

is a small number, in fact suppressed by a factor Ao/A2 ET 20,the highest chance to 
establish direct CP- violation anywhere is still in K + In decay . 

Assuming CPT -conservation, the measurable CP-violation amplitudes 

< r+x-Jl’lK~ > 
‘I+- = < r+rITIKs > (9) 

< xOrOITIK~ > 
‘loo = < r”rO~T~Ks > (10) 

are related to the parameters e and c’ by 

‘)+ = ctd (11) 
qJ#) = c-2/. (12) 

The experimental values as of two years ago are graphically represented in Fig.2. Within 
the given framework, and with the phases of 6 and c’ as quoted, it is however impossible 
to have &J and #+- different by more than a degrea, as suggested by these data. If 
the data are right, CPT cannot be conserved. 

Allowing for CPT- violation, there are again two effects: CPT- violation in the 
state mixing, and CPT- violation in the transition. If in the state mixing cs # <L , 
then 

6 _ cs - 'L _ trli - r22) t i(&l - hf22) 
2 YS - yL - 2i( 7nL - ms) 

(13) 

is a measure of CPT- violation. 
If in the transition amplitudes AI # A; for I=0 or 1=2, there is CPT-violation. 

Defining for convenience the CPT- violating amplitudes as 

A; - Lo 
Q” = Ao Q2 = 5% ~p(i(62 - 60), 

the measurable amplitudes q+- and m become 

(14) 

V+- = e+c'-6tQotQ2 (15) 
r)oo = c-2,?‘-- 6+Qo-2Q2 (16) 

voo -'I+- = 3(d t Q2). (17) 

A nonzero phase difference b - d+- requires then a nonzero value ofa2. In the case 
~2 = QO = 0 the mass difference h!f,, - Mz2, that is Afro - h4g0, can be measured by 
looking at the projection 61 of 6 perpendicular to c, 

6 = c-(iv+-+$,) (18) 

61 = lhl($+- + f400 - 9.) (19) 
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2. Measurements of d/c by NA31 

The NA31 experiment has been presented at many occssiona6 since the publication 
of the first result. More data were taken in 1988 and 1989 ; they will triple the original 
statistics and improve on the systematic error. Yet, there is no result so far.In the 
following discussion I will summar ice the main points and irniicate why and how a new 
experiment may be done. 

Direct CP-violation is most conveniently measured M a deviation of the double 

. 

1.0 1.5 
Rez (~10’~) 

Fig.2. Status of CP-violation parameters as of 1988. 

R = riK; + *o*o i 
l’(Kr. + r+r-) 

= 1 - GRe(c’/c) (20) . - 
r(KS + z+r) 

from unity. Experimentally, it is necessary to measure at least two of the four rates 
KS -+ *Or’, KS 4 r+r-, XL + r”ro, KL -+ T+X- at the same time. The NA31 
group has chosen to detect charged and neutral decays concurrently, and to switch in 
regular intervals from a KL to a KS beam. Neutral beams were derived at (3.5 f 0.5) 
mrad from targets hit by 450 GeV protons. In KS running the target station was close 
to the decay fiducial volume, and moveable along the beam to cover s 50m decay length 
ahnost uniformly with KS decays (seeFig.3). Geometrical acceptances cancel therefore 
in the double ratio (20) of KS and KL decays. The beams are contained in vacuum 
throughout the apparatus to avoid background from neutron and photon interactions. 

The detector” includes two wire chambers and an iron sciutillator calorimeter for 
the measurement of decays into charged pions, and a fine grain liquid argon calorimeter 
segmented laterally in 1 cm wide strips and longitudinally in two groups of 40 cells, for 
the measurement of photons. Four rings of veto counters surrounding the decay volume 
detect large angle photons from 3~’ decays. Kg decays are suppressed by two planes 
of muon counters behind 1.5m and 2.3m of iron equivalent, Kea decays are suppressed 
in the trigger and also oflline by the longitudinal pattern of energy deposition in the 
liquid argon counter. K -+ r+rr-r’rlecays are identified, if at least one photon is 
visible. 

The main problem for all CP- violation experiments !in K -+ 2r decays is the 
suppression of KL 4 3~’ decays. For events in which two photons escape the detector 
and the veto system, the kinematical constraints of the x0 and K” masses and the 
direction of the reconstructed K” momentum vector are the only tools to separate 
signal and background. To maintain a high rate the decay point is not measured - 
one would have to convert at leant two photons - but is reconstructed using the K” 
mass as constraint. The reconstruction is therefore sensitive to the photon energy scale. 
This in turn provides a method to calibrate the photon detector : the upstream end of 
the decay region in the KS mode is defined by an anticounter preceeded by 8mm of Pb. 
The reconstructed position of this counter is used to determine the scales of neutral and 
charged energies with an accuracy of 0.1 %. Background from 3~’ decays in which two 
photons miss the detector is uniformly distributed in the space of two-photon invariant 
masses (Figs.Za,b). It culminates at large distauce from the collimator(Fig.4c), since 
the kinematic constraint shifts the decay point downstream, compensating the energy 
lost in the missing photons by an increase of the opening angle for the visible photons. 
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Fig.4. a) Invariant masses of best photon pairs in KL 4 ?y"ro. 
b) events in rings of equal area of Fig.Sa. 
c) e- distribution of neutral background. 
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In K” 4 v+v- candidates the background from three-body decays can be sup 
pressed by measuring the distance 4 between target and decay plane. The resolution 
in 4 is measured with KS decays; the remaining background, visible at large 4, consists 
mainly of K.s events and can be safely extrapolated into the signal region using Monte 
Carlo or data (Fig.5) . The published result’ of NA31, based on 109 000 KL + r”~o 
events, is 

. Rc(c’/c) = (3.3 f l.l)lO-’ 

with about equal contributions from statistical (0.67. lOWa) and systematic (0.83.10-e) 
errors. A breakdown of the systematic errors is given in Tab.1. Among the larger items 
are the difference of charged and neutral energy scales and the background subtraction 
in Kr, + v+v- decays. Both of these errors should be reduced in the data taking of 
1988 and 1989; the former, because the KS and KL spectra were more equalized by 
choosing a larger target angle and a lower proton energy (360 GeV) for KS running ; 
the latter, because a transition radiation detector* was inserted to identify electrons in 
K.3 decays, the most important background. 

In the meantime a null remBe from the FNAL experiment E731, 

Re(c’/c) = (-0.4 f l.rl(stat.) f O.G(syst.)) . lo-’ 

made it likely, that the true value of c’/c is rather on the lower than on the higher side 
of the NA31 value - the average of the two results is (2.1 f 1.0). lo-‘- and therefore a 
new attempt may be necessary to establish CP-violation with suflicient (say 5 standard 
deviations) confidence. 

The theoretical value of t’/c has been decreasing over the years. Figure 6 shows 
some older calculations with indication of theoretical uncertainties, and a more recent 
evaluation of a most likely vahre, as a function of the unknown mass of the top quark. 
The theoretical uncertainties are a subject of sometimes controversial statements - so 
they are still large. A discussion is given, for example , in Ref.lO. 

A proposal to measure d/c with systematic and statistical errors of 2. lo-’ wan 
recently submitted t’ by a collaboration involving members of the NA31 team. The 
proposed experiment diKers from NA31 in many respects; apart from running at about 
ten times higher Kr, intensity there are various conceptional changes: 

l KS and KL beams run at the same time. A small fraction of the primary proton 
beam is defiected by a bent crystal and transported to the KS target. 

l The decay volume is kept short and proportional to the Lorentz factor of Kaons. 
The KS target is in a fixed position. 

l The aflihation of an event to the KS or KL beam is done by timing. The primary 
protons in the KS beam can be recorded individually at an intensity of 10’ /spill 
by a thin counter in the beam. If an event is a KS decay, it must be correlated 
in time with a primary proton. 

Further changes in the design are a magnetic spectrometer for the measurement of 
charged decays and the suggestion to use a liquid Xenon calorimeter for the detection 
of neutrals. The proposed layout of the experiment is shown in Fig.7 . 

-- TOTAL BG 

l- 

. . . . . . . . . . n e y 
1 

10' 

" 1 

K; + VT+YT- 

2.5 5. 7.5 10. 12.5 15. 17.5 

Fig.5. Acoplanarity in charged decays . 
The composition of the background is indicated. 
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Tab.2 Phase measurements 

The errors are the statistical (1” ) and the systematic (2”) error 
. 

for CPT- violation in the state. The value 

61 = (1.3 f 0.8). lo-’ 

6L < 2.6 ‘lo-’ at 90% C.L. 

implies 

(22) 
(23) 

(24) 

4. The decays Ki + r”e+e- and Kr, -+ 7r’y-y 

As a possible way to observe CP- violation, both direct and indirect, in another 
channel, the decay Kl -a r’e+e- has been much discussed le. If the intermediate 
state to which e+ and e- couple, is a one photon state, the decay is forbidden by CP 
conservation ( the decay KS -+ r”e+e- is allowed). With a two-photon intermediate 
state, however, the decay is allowed by CP. If the two photons are in a state with 
total angular momentum J=O. the coupling to c+c- vanishes in the limit of sero lepton 
mass, and is negligiable (BRz lo-“) for electrons. There is however the possibility” 
that a two-photon intermediate state with nonzero angular momentum can be formed 

by ” vector-dominance”- diagrams, iu which case the CP- conserving contribution to 
Kr. -+ no&e- could be substantial. 

A fist measurement’s of KL, -+ v”y7 by the NA31 group excludes that possibility, 
by giving an upper limit to the vector - dominance type coupling. 

To isolate the decay from a large background of KL -+ 3x0, in which one of the 
photons misses the detector and the other overlaps in space with another photon, the 
fiducial decay region was limited to the fust 20m behind the collimator. Decays with the 
correct signature are mostly compatible with estimated background from KL -+ 3~’ 
decays upstream of the collimator with a photon lost in the collimator. This back- 
ground , which peaks at the downstream end of the decay region, can be removed by 
requiring that no two photons in the observed event are kinematically compatible with 
a so from a decay in the interval between 7m upstream of the reconstructed vertex and 
15m upstream of the end of the collimator. To include the cases in which two photons 
from two different *O’s overlap, the overlap is undone, sharing the energy such that 
two *O’s from a common vertex can be formed. AR 12 possibilities of such a configu- 
ration are tested. Only a third of the geometrically accepted KL + ~‘77 decays are 
expected to survive this cut, but the background is ahnost completely removed (Fig.11). 
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Fig.11 a) Vertex of KL + w”yy candidates with expected background 
( dashed line) b) same as a) after cuts (see text). 
The dotted line is the expected signal distribution. 
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Evidence for a signal comes from the 717s invariant mass distribution(Fig.12). The 
invariant masses of the other two photons, 7s and 74, peak at the highest allowed values, 
in agreement with expectation Born chirai perturbation theory lg. The experimental 
branching ratio for KL + r07y into final states with m, >280 MeV is ((2.1f0.6)~10-“, 
not incompatible with the theoretical prediction’s 0.67.10-s.In contrast to a model, 
which includes also a vector-dominance term, no signal is observed at low 7s-y. masses, 
limitjng the vector coupling constant to -0.3 < ay < 0.5. Since the branching ratio for 
the KL -t r’c+e- decay is given by BR =4.4. 10-“lavlz, this result corresponds to a 
BRI 1.1.10-r’, an order of magnitude below the crpected contributions from direct 
or indirect CP-violation. 

The best experimental upper limit so is BR(K& + v”cte-) < 5.5. lo-‘. A serious 
bachground to the decay is from radiative Dahts decays ( KL + e+e-yy with BR 
c 6. lo-‘), as discussed recently in Ref.21. This background makes an experiment on 
KL + roetee indeed very dithcult. 

5. CP - LEAR 

A new method of production of neutral Kaons with known strangeness was pro- 
posed ** by the CP-LEAR collaboration. The method is to stop antiprotons in a thin 
hydrogen gas target and measure the reactions 

-0 + - pji+KK r 

pfi + K’K-r+ , 

which have a branching ratio of z 10m3. This is sufhciently large for CP- violation 
studies, if 2 10s stopping p/se, from LEAR are available. The strangeness of the 
initial K” is tagged by the strangeness of the charged K. The asymmetry between K” 
and I?O , proportional to the interference term in (21), can be used to measure the CP 
- violation parameters. The asymmetry 

= 211+-1exp(-rs/2t)cos(Amt-~+- 
=P(-7d) + i9+-12ed--7Lt) 

- 2Re e 

(25) 

(26) 

shown in Fig.13 ,cau be used to measure n+-,4+- and Am. The corresponding asym- 
metry Am is measured with somewhat larger errors (O.Srs) on the vertex. A direct 
comparison of the fitted values of n+- and qec, may therefore be limited by systematic 
errors. These can be avoided if one compares instead the time integrated rates. With 

I T 
R= R(W, T = 20~s 

0 
one obtains for the time integrated asymmetries: 

(27) 

Zoo = 4Rem- 2Re c 
I+- = 4Re q+- - 2Re c 
LW -= - It- 1 6Re (d/6). 

(28) 
(29) 
(30) 

pw s-z = "WV lad sJuana 
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Tab.3 Expected errors in CP- LEAR 

Fig.19 Expected asymmetry of K 4 *+*- decays in the CP -LEAR experiment. 

present value 
(2.27 f 0.02). 1O-3 
(2.26 f 0.02). lo-’ 
(2.1 f 1.0). 10-S 
(46.0 f 1.3)’ 
(47.5 f 2.2)O 
(0.535 f 0.0022). lO’%/s 
< 0.12 

In a cylindrical detector (we Figs.14 and 15) around the gas target charged particles 
are measured by tracking with drift chambers and identified by means of time of flight 
and liquid Cerenkov counters; photons are detected in a calorimeter made of lead 
plates interleaved with streamer tubes. The apparatus will be complete in the fall of 
1990. A fist look at the charged decays reved a nice K” signal ( Fig.16 ), with some 
background, which undoubtedly will be better understood M  the analysis progresses. 

The experiment should be ideally suited to look for the CPT- violating &ect men- 
tioned earlier, which implies a measurement of 4++- and Am. It will also be sensitive 
eaough to observe CP- violation in the KS system, by looking at KS + r+r--r”. The 
expected statistical accuracies for a total exposure of 2. lOIs p are compared with the 
present values of the parameters in Tab.3. 
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ABSTRACT 

Two experiments will be discussed, NA31 and CP-LEAR. The main re- 
sults of NA31 on CP- and CPT- violation will be reviewed . A recent 
measurement of the decay Kt + v”yr , which has some relevance for CP- 
violation in the decay Kr. + r’e+e-,will be presented in some detail, and 
a new proposal for a more precise measurement of c’/c will be outlined. 
For CP-LEAR the aims of the experiment and a brief status report will 
be given. 

1. CP- and CPT- violation parameters 

There are two distinct possibilities of CP- violation in K” decay: by state 
mixing and in the decay matrix. Mixing between K” and x0 occurs because K” 
and A?O couple to the same intermediate dater via the weak interaction. The 
eigenstates KL and KS with definite masses and lifetimes are not necessarily 
identical with the eigenstates K1 and Kz of the CP- operator. In general one 
has 

KL = Ji&(Kz + -KI) 

and CL = cs = c, if CPT is conserved. If the time evolution of the K” and ze 
states is parametrized by the mass matrix M  and the decay matrix I’, viz. 

the parameter t is related to the matrix elements by 

_ r12 -ri2 +i(& - M;,) e - es + CL 

2 rs-7~ -2i(mL -ms) ' 
(4) 

In the traditional phase convention (Ae= real, see below) Fr2 is practically real 
and the phase oft is determined by the phase of the denominator of (4), with 
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Wi 

. -ykTk- , I 
Fig. 1.a) Box diagram b) Penguin diagram 

the numerical value 4. = (43.7f 0.2)‘. With this admixture of tK1 in its wave function, 
the KL-state can now decay to z+r- or x0x0, which are even under CP because of 
Bose- statistics. Since < 2x(K~ >= 6 < 2rlK(~ >, the ratio of decay rates into charged 
and neutral pions is the same for KL and KS, if state mixing is the only source of 
CP- violation, as for example in the superweak model’. With quark diagrams the 
mixing is described by the famous box graph (Fig.la). The real part of the amplitude 
is related to Am= rn~ - ms, the imaginary part to c. As first noticed by Kobayashi 
and Maskawa’, with three generations of quarks it is possible to have a unitary quark 
mixing matrix with complex phase factors that cannot be absorbed in the detinition of 
quark states. The smallness of CP- violation is then due to the smallness of the product 
of the three generation- mixing angles. If these angles were large, CP-violation would 
be a prominent effect. 

A second possibility is that CP is violated in the transition itself (direct CP- viola- 
tion). This happens if the matrix elements A0 and A2 between K” and the two possible 
I=0 and I=2 eigenstates of two pions do not have the same phase. Denoting the strong 
interaction phase shifts with 6, , the transition amplitudes are given by 

< 2xl,lTIK” >= Arexp(i61) (5) 
< 2rl,lTlli” >= A,exp(i6,). (6) 

One phase is free; in the usual convention , A0 is taken to be real. Direct CP- violation 
is then linked to a nonzero value of 

Note that the phase of c’ is given by the strong interaction phase shifts 3 

q&t = f + 62 - 60 z (45 f 15)’ . (8) 

In the standard model, c’ can be calculated, in principle, from Penguin- diagrams 
(Fig.lb). These involve exchange of gluons. More recently, exchanges of photon and 
20 were also computed ‘, with the effect of decreasing d/c for higher masses of the top 
quark. 

Quite independent of the details of these calculations it is worthwhile to fmd out 
experimentally whether there is CP- violation in a A S = 1 transition. If there is, it 
seems indeed plausible that CP- violation is related to quark mixing. Even though 6’ 

is a small number, in fact suppressed by a factor Ao/A2 ET 20,the highest chance to 
establish direct CP- violation anywhere is still in K + In decay . 

Assuming CPT -conservation, the measurable CP-violation amplitudes 

< r+x-Jl’lK~ > 
‘I+- = < r+rITIKs > (9) 

< xOrOITIK~ > 
‘loo = < r”rO~T~Ks > (10) 

are related to the parameters e and c’ by 

‘)+ = ctd (11) 
qJ#) = c-2/. (12) 

The experimental values as of two years ago are graphically represented in Fig.2. Within 
the given framework, and with the phases of 6 and c’ as quoted, it is however impossible 
to have &J and #+- different by more than a degrea, as suggested by these data. If 
the data are right, CPT cannot be conserved. 

Allowing for CPT- violation, there are again two effects: CPT- violation in the 
state mixing, and CPT- violation in the transition. If in the state mixing cs # <L , 
then 

6 _ cs - 'L _ trli - r22) t i(&l - hf22) 
2 YS - yL - 2i( 7nL - ms) 

(13) 

is a measure of CPT- violation. 
If in the transition amplitudes AI # A; for I=0 or 1=2, there is CPT-violation. 

Defining for convenience the CPT- violating amplitudes as 

A; - Lo 
Q” = Ao Q2 = 5% ~p(i(62 - 60), 

the measurable amplitudes q+- and m become 

(14) 

V+- = e+c'-6tQotQ2 (15) 
r)oo = c-2,?‘-- 6+Qo-2Q2 (16) 

voo -'I+- = 3(d t Q2). (17) 

A nonzero phase difference b - d+- requires then a nonzero value ofa2. In the case 
~2 = QO = 0 the mass difference h!f,, - Mz2, that is Afro - h4g0, can be measured by 
looking at the projection 61 of 6 perpendicular to c, 

6 = c-(iv+-+$,) (18) 

61 = lhl($+- + f400 - 9.) (19) 
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2. Measurements of d/c by NA31 

The NA31 experiment has been presented at many occssiona6 since the publication 
of the first result. More data were taken in 1988 and 1989 ; they will triple the original 
statistics and improve on the systematic error. Yet, there is no result so far.In the 
following discussion I will summar ice the main points and irniicate why and how a new 
experiment may be done. 

Direct CP-violation is most conveniently measured M a deviation of the double 

. 

1.0 1.5 
Rez (~10’~) 

Fig.2. Status of CP-violation parameters as of 1988. 

R = riK; + *o*o i 
l’(Kr. + r+r-) 

= 1 - GRe(c’/c) (20) . - 
r(KS + z+r) 

from unity. Experimentally, it is necessary to measure at least two of the four rates 
KS -+ *Or’, KS 4 r+r-, XL + r”ro, KL -+ T+X- at the same time. The NA31 
group has chosen to detect charged and neutral decays concurrently, and to switch in 
regular intervals from a KL to a KS beam. Neutral beams were derived at (3.5 f 0.5) 
mrad from targets hit by 450 GeV protons. In KS running the target station was close 
to the decay fiducial volume, and moveable along the beam to cover s 50m decay length 
ahnost uniformly with KS decays (seeFig.3). Geometrical acceptances cancel therefore 
in the double ratio (20) of KS and KL decays. The beams are contained in vacuum 
throughout the apparatus to avoid background from neutron and photon interactions. 

The detector” includes two wire chambers and an iron sciutillator calorimeter for 
the measurement of decays into charged pions, and a fine grain liquid argon calorimeter 
segmented laterally in 1 cm wide strips and longitudinally in two groups of 40 cells, for 
the measurement of photons. Four rings of veto counters surrounding the decay volume 
detect large angle photons from 3~’ decays. Kg decays are suppressed by two planes 
of muon counters behind 1.5m and 2.3m of iron equivalent, Kea decays are suppressed 
in the trigger and also oflline by the longitudinal pattern of energy deposition in the 
liquid argon counter. K -+ r+rr-r’rlecays are identified, if at least one photon is 
visible. 

The main problem for all CP- violation experiments !in K -+ 2r decays is the 
suppression of KL 4 3~’ decays. For events in which two photons escape the detector 
and the veto system, the kinematical constraints of the x0 and K” masses and the 
direction of the reconstructed K” momentum vector are the only tools to separate 
signal and background. To maintain a high rate the decay point is not measured - 
one would have to convert at leant two photons - but is reconstructed using the K” 
mass as constraint. The reconstruction is therefore sensitive to the photon energy scale. 
This in turn provides a method to calibrate the photon detector : the upstream end of 
the decay region in the KS mode is defined by an anticounter preceeded by 8mm of Pb. 
The reconstructed position of this counter is used to determine the scales of neutral and 
charged energies with an accuracy of 0.1 %. Background from 3~’ decays in which two 
photons miss the detector is uniformly distributed in the space of two-photon invariant 
masses (Figs.Za,b). It culminates at large distauce from the collimator(Fig.4c), since 
the kinematic constraint shifts the decay point downstream, compensating the energy 
lost in the missing photons by an increase of the opening angle for the visible photons. 
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Fig.4. a) Invariant masses of best photon pairs in KL 4 ?y"ro. 
b) events in rings of equal area of Fig.Sa. 
c) e- distribution of neutral background. 
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In K” 4 v+v- candidates the background from three-body decays can be sup 
pressed by measuring the distance 4 between target and decay plane. The resolution 
in 4 is measured with KS decays; the remaining background, visible at large 4, consists 
mainly of K.s events and can be safely extrapolated into the signal region using Monte 
Carlo or data (Fig.5) . The published result’ of NA31, based on 109 000 KL + r”~o 
events, is 

. Rc(c’/c) = (3.3 f l.l)lO-’ 

with about equal contributions from statistical (0.67. lOWa) and systematic (0.83.10-e) 
errors. A breakdown of the systematic errors is given in Tab.1. Among the larger items 
are the difference of charged and neutral energy scales and the background subtraction 
in Kr, + v+v- decays. Both of these errors should be reduced in the data taking of 
1988 and 1989; the former, because the KS and KL spectra were more equalized by 
choosing a larger target angle and a lower proton energy (360 GeV) for KS running ; 
the latter, because a transition radiation detector* was inserted to identify electrons in 
K.3 decays, the most important background. 

In the meantime a null remBe from the FNAL experiment E731, 

Re(c’/c) = (-0.4 f l.rl(stat.) f O.G(syst.)) . lo-’ 

made it likely, that the true value of c’/c is rather on the lower than on the higher side 
of the NA31 value - the average of the two results is (2.1 f 1.0). lo-‘- and therefore a 
new attempt may be necessary to establish CP-violation with suflicient (say 5 standard 
deviations) confidence. 

The theoretical value of t’/c has been decreasing over the years. Figure 6 shows 
some older calculations with indication of theoretical uncertainties, and a more recent 
evaluation of a most likely vahre, as a function of the unknown mass of the top quark. 
The theoretical uncertainties are a subject of sometimes controversial statements - so 
they are still large. A discussion is given, for example , in Ref.lO. 

A proposal to measure d/c with systematic and statistical errors of 2. lo-’ wan 
recently submitted t’ by a collaboration involving members of the NA31 team. The 
proposed experiment diKers from NA31 in many respects; apart from running at about 
ten times higher Kr, intensity there are various conceptional changes: 

l KS and KL beams run at the same time. A small fraction of the primary proton 
beam is defiected by a bent crystal and transported to the KS target. 

l The decay volume is kept short and proportional to the Lorentz factor of Kaons. 
The KS target is in a fixed position. 

l The aflihation of an event to the KS or KL beam is done by timing. The primary 
protons in the KS beam can be recorded individually at an intensity of 10’ /spill 
by a thin counter in the beam. If an event is a KS decay, it must be correlated 
in time with a primary proton. 

Further changes in the design are a magnetic spectrometer for the measurement of 
charged decays and the suggestion to use a liquid Xenon calorimeter for the detection 
of neutrals. The proposed layout of the experiment is shown in Fig.7 . 

-- TOTAL BG 
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1 

10' 

" 1 

K; + VT+YT- 

2.5 5. 7.5 10. 12.5 15. 17.5 

Fig.5. Acoplanarity in charged decays . 
The composition of the background is indicated. 
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Tab.2 Phase measurements 

The errors are the statistical (1” ) and the systematic (2”) error 
. 

for CPT- violation in the state. The value 

61 = (1.3 f 0.8). lo-’ 

6L < 2.6 ‘lo-’ at 90% C.L. 

implies 

(22) 
(23) 

(24) 

4. The decays Ki + r”e+e- and Kr, -+ 7r’y-y 

As a possible way to observe CP- violation, both direct and indirect, in another 
channel, the decay Kl -a r’e+e- has been much discussed le. If the intermediate 
state to which e+ and e- couple, is a one photon state, the decay is forbidden by CP 
conservation ( the decay KS -+ r”e+e- is allowed). With a two-photon intermediate 
state, however, the decay is allowed by CP. If the two photons are in a state with 
total angular momentum J=O. the coupling to c+c- vanishes in the limit of sero lepton 
mass, and is negligiable (BRz lo-“) for electrons. There is however the possibility” 
that a two-photon intermediate state with nonzero angular momentum can be formed 

by ” vector-dominance”- diagrams, iu which case the CP- conserving contribution to 
Kr. -+ no&e- could be substantial. 

A fist measurement’s of KL, -+ v”y7 by the NA31 group excludes that possibility, 
by giving an upper limit to the vector - dominance type coupling. 

To isolate the decay from a large background of KL -+ 3x0, in which one of the 
photons misses the detector and the other overlaps in space with another photon, the 
fiducial decay region was limited to the fust 20m behind the collimator. Decays with the 
correct signature are mostly compatible with estimated background from KL -+ 3~’ 
decays upstream of the collimator with a photon lost in the collimator. This back- 
ground , which peaks at the downstream end of the decay region, can be removed by 
requiring that no two photons in the observed event are kinematically compatible with 
a so from a decay in the interval between 7m upstream of the reconstructed vertex and 
15m upstream of the end of the collimator. To include the cases in which two photons 
from two different *O’s overlap, the overlap is undone, sharing the energy such that 
two *O’s from a common vertex can be formed. AR 12 possibilities of such a configu- 
ration are tested. Only a third of the geometrically accepted KL + ~‘77 decays are 
expected to survive this cut, but the background is ahnost completely removed (Fig.11). 
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Fig.11 a) Vertex of KL + w”yy candidates with expected background 
( dashed line) b) same as a) after cuts (see text). 
The dotted line is the expected signal distribution. 
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Evidence for a signal comes from the 717s invariant mass distribution(Fig.12). The 
invariant masses of the other two photons, 7s and 74, peak at the highest allowed values, 
in agreement with expectation Born chirai perturbation theory lg. The experimental 
branching ratio for KL + r07y into final states with m, >280 MeV is ((2.1f0.6)~10-“, 
not incompatible with the theoretical prediction’s 0.67.10-s.In contrast to a model, 
which includes also a vector-dominance term, no signal is observed at low 7s-y. masses, 
limitjng the vector coupling constant to -0.3 < ay < 0.5. Since the branching ratio for 
the KL -t r’c+e- decay is given by BR =4.4. 10-“lavlz, this result corresponds to a 
BRI 1.1.10-r’, an order of magnitude below the crpected contributions from direct 
or indirect CP-violation. 

The best experimental upper limit so is BR(K& + v”cte-) < 5.5. lo-‘. A serious 
bachground to the decay is from radiative Dahts decays ( KL + e+e-yy with BR 
c 6. lo-‘), as discussed recently in Ref.21. This background makes an experiment on 
KL + roetee indeed very dithcult. 

5. CP - LEAR 

A new method of production of neutral Kaons with known strangeness was pro- 
posed ** by the CP-LEAR collaboration. The method is to stop antiprotons in a thin 
hydrogen gas target and measure the reactions 

-0 + - pji+KK r 

pfi + K’K-r+ , 

which have a branching ratio of z 10m3. This is sufhciently large for CP- violation 
studies, if 2 10s stopping p/se, from LEAR are available. The strangeness of the 
initial K” is tagged by the strangeness of the charged K. The asymmetry between K” 
and I?O , proportional to the interference term in (21), can be used to measure the CP 
- violation parameters. The asymmetry 

= 211+-1exp(-rs/2t)cos(Amt-~+- 
=P(-7d) + i9+-12ed--7Lt) 

- 2Re e 

(25) 

(26) 

shown in Fig.13 ,cau be used to measure n+-,4+- and Am. The corresponding asym- 
metry Am is measured with somewhat larger errors (O.Srs) on the vertex. A direct 
comparison of the fitted values of n+- and qec, may therefore be limited by systematic 
errors. These can be avoided if one compares instead the time integrated rates. With 

I T 
R= R(W, T = 20~s 

0 
one obtains for the time integrated asymmetries: 

(27) 

Zoo = 4Rem- 2Re c 
I+- = 4Re q+- - 2Re c 
LW -= - It- 1 6Re (d/6). 

(28) 
(29) 
(30) 

pw s-z = "WV lad sJuana 
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Tab.3 Expected errors in CP- LEAR 

Fig.19 Expected asymmetry of K 4 *+*- decays in the CP -LEAR experiment. 

present value 
(2.27 f 0.02). 1O-3 
(2.26 f 0.02). lo-’ 
(2.1 f 1.0). 10-S 
(46.0 f 1.3)’ 
(47.5 f 2.2)O 
(0.535 f 0.0022). lO’%/s 
< 0.12 

In a cylindrical detector (we Figs.14 and 15) around the gas target charged particles 
are measured by tracking with drift chambers and identified by means of time of flight 
and liquid Cerenkov counters; photons are detected in a calorimeter made of lead 
plates interleaved with streamer tubes. The apparatus will be complete in the fall of 
1990. A fist look at the charged decays reved a nice K” signal ( Fig.16 ), with some 
background, which undoubtedly will be better understood M  the analysis progresses. 

The experiment should be ideally suited to look for the CPT- violating &ect men- 
tioned earlier, which implies a measurement of 4++- and Am. It will also be sensitive 
eaough to observe CP- violation in the KS system, by looking at KS + r+r--r”. The 
expected statistical accuracies for a total exposure of 2. lOIs p are compared with the 
present values of the parameters in Tab.3. 
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Recent K” Decay Results 
from Fermilab E731 
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Enrico Fermi Institute 

University of Chicago, Chicago, IL 60637 

ABSTRACT 

The status of the E731 experiment is reviewed. In addition, preliminary 
results are reported from searches for three rare decays of the K”, using data 
collected by the E-731 Collaboration during the 1987-88 fixed-target run at 
Fermilab. Branching ratio results are presented for the decays K$ + *+x-y, 
as well as for the decay Ki + n*7r”eG(fi). An upper limit is derived for the 
decay r” + e+e-, using the processes Ki + r”vro~’ and Ki + T+A-YT’ to tag 
no mesons. 

INTRODUCTION 

Fermilab experiment E731 was designed to measure the C&‘-violating param- 
eter 2/t by studying the four decays KL,S + r+n- and KL,S ---* 7’~‘. The 
signature of direct CP violation, i.e., a non-zero value for Re(c’/c),, is that the 
ratio of the neutral to charged decay rates of the KL would differ from the 
corresponding ratio for decays of the KS. In particular, if the dduble-ratio R is 
defined by 

R = r(Ks + xOrO)/I’(Ks ---) A+T-) 
~(KL + iA”)/r(KL + n+n-)’ 

then Re(e’/c) can be derived from the relation 

The challenge, then, is to measure very precisely the double-ratio R, in order 
to determine whether it differs slightly from unity. In order to do this, an 
experiment must be carefully designed to minimize systematic biases in the 
measurement of R. The technique chosen by the E731 group employs two 
parallel Kr, beams. A BhC regerator is placed in one of the beams, providing 
a flux of coherently regenerated KS mesons. Downstream of the regenerator, 
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most of the decays in one beam are KS decays, and almost all of the decays in 
the other (vacuum) beam are Kr. decays. The double ratio R is then measured 
by comparing the decay rates in the two beams. 

This method of measuring R has the great advantage that KL and KS de- 
cays are detected at the same time, and by the same detector. Time-dependent 
changes in beam intensity or detector response thus affect KL and KS decays to 
the same final state at the same point in the decay volume in exactly the same 
way. In order to minimize differences that might arise as a result of differences 
between the two beams, the regenerator alternated from one beam to the other 
about once a minute. 

Because the lifetimes of the KL and KS are so different, the distribution 
of values of r, the distance travelled by a kaon prior to its decay, is quite 
different in the vacuum beam from that observed in the regenerated beam. It 
is therefore necessary to simulate accurately the acceptance of the detector, 
which also depends on z, in order to ensure that the effects of this non-uniform 
acceptance on R are correctly taken into account. 

In order to detect a difference between R and unity on the order of l%, a 
sample of several hundred thousand examples of each of the four KL,S decay 
modes must be collected. Because the branching ratio for KL -B r”ro is less 
than 10e3, and because the acceptance for this mode is roughly 20% in the z 
region used in the analysis, the experiment must be exposed to an integrated 
flux of several billion KL,S decays in this region alone in order to achieve the 
desired accuracy. 

The combination of good four-body acceptance, hermeticity, and a very 
large integrated flux of K” decays which is required for the measurement of 
l&(&/e) is also ideal for the study of a variety of rare decays. In the case of 
the decay KL ---) roe+,-, which has attracted considerable recent interest,’ the 
single event sensitivity of the E73I data set corresponded to a branching ratio 
of approximately 3.3 x lo-‘, almost as good as the 2.4 x lo-’ achieved’ by 
a recent Brookhaven experiment (E841) dedicated to the study of this mode. 
Our upper limit on B(KL + x’e+e-) was reported in Ref. 3. 

In the remainder of this paper, I will describe the E731 apparatus, then 
briefly review the status of the r’/e analysis effort. After this, I will proceed 
to a discussion of preliminary results on three rare decay modes. In the first 
of these, KL,S -+ n+n-r, we have for the first time observed the proper-time 
interference between KS and KL in a mode other than x+x- or x0x0. Our 
observation of some 800 examples of the second rare-decay mode discussed 
here, neutral hcdr represents a dramatic increase in statistical power compared 
to the best published measurement of the branching ratio for that mode, which 
was based on a sample of 16 events. The third rare decay mode dicussed is 

I 

no + e+e-, in which the common decays KL + T’K’ST’ and KL 
iI+ 

7r+7r-*o 
provide a method of tagging x0’s, Although the branching ratio limi we obtain 
is a factor of two higher than the best published limit for x0 -+ e+k-, we are 
optimistic that the use of this technique with the same detector will soon result 
in an unambiguous observation of this interesting electromagnetic decay. 

The work described here is a collaborative effort of the E731 group, which 
consists at present of R.A. Briere, L.K. Gibbons, K. McFarland, G. Makoff, 
V. Papadimitriou, J.R. Patterson, B. Schwingenheuer, S. Somalwar, Y. Wah, 
B. Winstein, M. Woods, H. Yamamoto, and myself, from the University of 
Chicago; G. Bock, R. Coleman, J. Enagonio, B. Hsiung, E. Ramberg, K. Stan- 
field, R. Stefanski, R. Tschirhart, and T. Yamanaka from Fermilab; M. Karlsson 
from Princeton University; G. Gollin from the University of Illinois (Cham- 
paign/Urbana); E. Swallow from Elmhurst College; and P. Debu, B. Peyaud, 
R. Turlay, and B. Vallage of the Centre d’Etudes Nucliaires de Saclay. 

THE APPARATUS 

The E-731 detector is shown schematically in Fig. 1. Downstream of the regen- 
erator is a vacuum decay volume some 30 meters long, divided into two halves 
by a thin scintillator hodoscope used for triggering. Photon counters around 
the edges of the decay volume are used to identify events in which photons es- 
cape the apparatus. Charged particles from K” decays are detected in a series 
of four drift chambers downstream of the decay volume. An analysis magnet 
between the second and third chambers imparts a transverse momentum kick 
of 200 MeV/c to a charged particle, so that the bend in the track it leaves can 
be used to measure its momentum. The drift chambers measure hit locations 
with a typical precision of 90 to 100 microns. 

Beyond the last chamber, particles intercept a pair of trigger hodoscopes, 
then enter a lead-glass calorimeter. The calorimeter consists of3804 lead glass 
blocks, 5.82 cm square by 19 radiation lengths long. The calorimeter mea- 
sures the energy of incident electrons with a resolution 6E/E of 1.5% +5%/a 
(where E is the energy in GeV). The constant term is a consequence of the 
absorbtion of Cerenkov light by the glass, so that the amount of light detected 
varies depending on the longitudinal profile of the electromagnetic shower. Be- 
cause the depth of the initial conversion of photons in the glass varies, this 
effect is somewhat larger for photons, resulting in a photon-energy resolution 
of approximately 2.5% + 5%/a. I 

Electrons are identified by using the measured value of E/p, where E is 
the energy measured in the calorimeter, and p is the momentum derived from 
the drift chambers. A cut requiring that E/p be between 0.88 and 1.12, for 
example, accepts about 96% of all electrons while rejecting over 98% of charged 
pions. 

-288- 



Figure 1: A schematic representation of the E731 detector 
Note the differing horizontal and vertical scales. 

A muon filter consisting of about three meters of steel is behind! the lead 
glass calorimeter. Hodoscopes in front of and behind this filter allow the detec- 
tion of pions and muons that penetrate the lead glass, as well as muons that 
penetrate both the calorimeter and the steel. 

During the 1987-88 run at Fcrmilab, E731 used two basic triggers. One, 
the neutral trigger, required the deposition of at least 27 GeV in the lead glass. 
Events were vetoed if a signal was observed in any of the various photon coun- 
ters, or in scintillator banks behind the lead glass, or in the trigger hodoscope 
14 meters downstream of the regenerator. A second-level trigger processor 
was activated for events satisfying these basic requirements. It identified and 
counted clusters of energy deposition in the calorimeter. Events with exactly 
four clusters (as well as a prescaled sample of six-cluster events) Were selected 
by the processor. This trigger was designed to collect events from the decay 
KLS+rr. ’ ’ Most of the events recorded, however, were from the much more 
common decay KL + x”soxo, when overlapping or missing photons resulted in 
there being only four clusters. 

The other basic trigger was the charged trigger, designed to select events 
involving the decays KL,S --t A + A -. This trigger required that there be hits in 
both the top and bottom halves of the vertically segmented hodoscope in front 
of the calorimeter, and that there be hits in both the left and right halves of the 
horizontally segmented hodoscope in the same location. In addition, hits were 
required in the trigger hodoscope 14 meters downstream of the regenerator. 
Consequently, only decays occurring upstream of that point were selected. A 
final requirement was that hits be detected in both the left and right halves of 
the second drift chamber. The principal backgrounds to x+x- decays for this 
trigger were from the processes KL -+ r+*-r’ and KL + r*e%(ii). 

Both the charged and neutral triggers were designed with KL,S & AA decays 
in mind. They gave us good acceptance for most rare decay modes, including 
those discussed in this paper. However the triggers were strongly biased against 
a few modes, notably KL Dalitz decays (KL + e+e-y). In this mpde, there are 
three energy clusters in the calorimeter, which would not satisfy the four- or six- 
cluster requirement of the neutral trigger, and the electron and positron tracks 
are typically very close together, so that the up-down and left-right requirements 
of the charged trigger quite efficiently rejected the events. Similar factors caused 
some modes involving x0 Dalitz decays to fail the trigger require ni ents. 

In all, some eight million examples of the decay KL --, x+x-x’, 20 million 
of the decay KL + rococo, and 120 million Kc3 decays, were written to tape 
during the run. The enormous number of events observed in each of these modes 
has allowed us to perform extremely detailed studies of acceptance, beam shape, 
calorimeter response, and drift chamber alignment, all of which have been cru- 
cial to our understanding of the xx data. The Monte Carlo simulation of the 
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detector relies on only a small number of tunable parameters, including the 
momentum spectra of K" and ? mesons produced at the target, the relative 
intensity of the upper and lower beams, and the shapes and positions of the 
beams. Nevertheless, it is able to reproduce a wide variety of distributions for 
the various high-statistics modes we have studied with impressive accuracy. For 
example, Fig. 2 shows the observed distribution of z, the distance between the 
target and the decay vertex in Ke3 events. The distribution predicted by the 
Monte Carlo distribution is also shown; the ratio of data to Monte Carlo is 
shown in the second part of the figure. 

We have also studied the effects of accidental backgrounds on our acceptance 
by overlaying real events from accidental triggers on top of simulated events 
representing KL or KS decays to various modes, including various rare decays 
as well as ?TA final states. In the case of the rrrr decays, we find that accidental 
backgrounds affect the KL and KS rates by exactly the same amount, to within 
a statistical error of less than 0.1%. To extract rare decay branching ratios, we 
need to know the relative effects of accidentals on the acceptance for the mode 
being studied and on that for the mode being used for normalization. This we 
have also done by using accidental overlays in the Monte Carlo. 

STATUS OF d/e ANALYSIS 

During most of the 1987-88 run, charged-trigger and neutral-trigger data were 
taken separately, either one trigger or the other being disabled. Towards the 
end of the run, however, both triggers were enabled simultaneously. About 20% 
of out total exposure was obtained while running in this way, and it is this part 
of the data that was analysed first. The result of that analysis, 

Re(f) = (-4 f 14 f 6) x ur4, 

was reported in Ref. 4. This value is consistent with superweak models: which 
predict that e’ vanishes, as well as with recent theoretical predictions6 within 
the Standard Model, which include the effects of so-called “Z-penguin” diagrams 
and a large top-quark mass. It does not, however, confirm the NA31 report7 of 
a value for Re(e’/c) significantly different from zero. 

The uncertainty in the partial E731 result is dominated by the statistical 
error, which should be reduced to about 5 x 10e4 once the analysis of the full 
data set is complete. Figure 3 shows the mass spectra for the four KL,S -+ ~F?T 
modes; all the 1987-88 data are included. Further work on understanding 
possible systematic errors is in progress; at present we believe that the final 
systematic error will be no greater than 4 x lo-‘. In addition to the c’/t result, 

Decay Z(m) 

Figure 2: A typical comparison between data and Monte Carlo for 
one of the high-statistics modes used for calibration. The 
top part of the figure shows the distribution 04 decay vertex 
locations for Kc3 events in the data (the histogram) and as 
predicted by the Monte Carlo (the solid dots with errors). 
The bottom part shows the ratio Data/Monte Carlo, which 
should be consistent with one for all values of z. The best 
linear fit is shown; the slope is about one standard 
away from zero. 
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KL + x+x-y can also conserve CP if it occurs by means of an “Ml direct 
emission” transition, for which the effective Lagrangian is 

where e is the photon polarization vector, and p+, p-, and k are the four- 
momenta of the rr+, rr-, and photon, respectively. CP-violating “El” direct 
emission is also possible, as are higher multipole radiative transitions. The 
direct emission contribution to the Kt -+ r+n-y decay rate can be extracted 
relatively easily because the photon energy spectrum resulting from direct emis- 
sion, which rises as EG3 for small values of E;, is dramatically different from 
the l/E; behaviour characteristic of inner bremsstrahlung. 

Examples of the decays KL,S -B x+x-y were selected from the charged- 
trigger data by requiring that events satisfy the following criteria: 

s They had to contain two good tracks, each with a measured momentum 
greater than 7 GeV Jc, and with opposite charges. 

a Each track had to be matched to an energy cluster of at least 500 MeV in 
the lead glass calorimeter, and the value of E/p had to be less than 0.8. 
This cut removed backgrounds from Kc3 decays with accidental photons. 

s There had to be exactly one additional energy cluster in the lead glass, 
not matched to either track, and the energy of this cluster had to exceed 
1.5 GeV. The relatively high energy requirement helps to reduce accidental 
backgrounds, since accidental photons tend to have smaller energies than 
those from K” decays. 

s The decay vertex, determined from the extrapolated point of closest ap- 
proach of the two tracks, had to be no more than 137.5 meters downstream 
of the target, which is just upstream of the trigger hodoscope. 

s The total energy of the two pions and the photon had to be less than 
160 GeV. This cut removed background from A + pr- decays with ac- 
cidental photons, since A’s with momenta below this cut virtually never 
survive long enough to reach the decay region. 

l The vector sum of the components of the pion and photon momenta trans- 
verse to the K” line-of-flight had to have a squared magnitude of less than 
250 MeV*/c*. This reduced non-exclusive backgrounds, like rr+rr-rr’ with 
a missing photon, and selected only coherently regenerated KS mesons. 

After these cuts, the remaining events already are a reasonably pure sample 
of x+x--y decays. The principal residual background is from KL -+ ~+?r-?r’ 
decays in which one of the two photons from the 8’ decay was not detected. To 
reduce this background even further, we use a kinematic quantity called (P,“,)‘, 

defined by I 

(p~j2 = Wz;. -M:. - M:+r)* - 4M$M& -4M&(P$x:)2 
10 - 

4(M,2+,- + (Ps,- )*) 

Here P,‘,,- is the sum of the transverse momenta of the charged pions, and 
M,+,- is their invariant mass. Aside from resolution effects, this quantity 
must be positive if the event was a A+A-A’ decay with a missing photon, 
since it would then equal the square of the A’ longitudinal momentum. Here, 
“transverse” and “longitudinal” are defined relative to the K” line of flight. 
The solid histogram in Fig. 4 shows the distribution of this quantity for the 
data satisfying the cuts listed above. The large peak at positive values is due 
to nix-x0 decays. The dashed histogram shows the distribution for events in 
which the x+x-r invariant mass is within 14 MeV/c* of the K” mass. It is clear 
that after this cut any contribution from X+X-A’ decays is already very small. 
Nevertheless, we further reduce background from that source by requiring 

(P,“,)’ < -0.05 GeV/c*. 

Figure 5 shows the rr+rr-r invariant maas distribution in the K” mass re- 
gion after all cuts. A clear peak containing over eight thousand events is seen, 
with negligible background. Of these, slightly more than half are decays in the 
regenerator beam. For subsequent analysis, we selected events whose invari- 
ant masses were within 14 MeV/c* of the nominal K” mass. Figure 6 shows 
the K” center-of-mass energy spectrum of the photons in these decays in both 
the regenerator and the vacuum beam. In the regenerator beam, where the 
vast majority of decays are KS -+ r+rr-y, the steeply falling energy spectrum 
characteristic of inner bremsstrahlung is observed. In the vacuum beam, the 
spectrum below 40 MeV is similar to the KS spectrum, indicating the presence 
of the CP-violating inner bremsstrahlung contribution to KL + ~+n-r. How- 
ever, above 40 MeV the spectrum is radically different, showing the prominent 
peak at higher energies which is the signature of the direct emission KL decay. 

In the case of the KS, we estimate that 4563 of the 4745 r+n-7 events 
in the regenerator beam with with ES > 20 MeV are due to KS decays. In 
1590 of these events, the photon energy was greater than 50 MeV in the KS 
rest frame. The total number of KS + X+R- decays occurin 

5 
in the fiducial 

volume during this run was estimated to be about 2.75 milhon. Given our 
average experimental acceptance of about 25% (calculated from a Monte Carlo 
simulation of the detector and analysis procedure), this yields a branching ratio 
measurement: 

B(Ks -+B;;s-z fj;-,“” MeV) = (2.38 f 0.06 f 0.04) x 10-3, 
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Figure 6: The spectra of center-of-mass photon energies for photons 
produced in the radiative decays KS,L -+ x+x-y. The top 
part of the figure shows the spectrum for KS decays, 
which are dominated by inner bremsstrahlung. The bottom 
part shows the spectrum for KL decays, which also include 
a relatively large direct emission component. 

which is in reasonable agreement with the theoretical prediction of 2.55 1 x 10-3, 
and with the value of (2.68 f 0.15) x 10m3 for this ratio reported in 1Ref. 10. We 
are able to identify r+a-7 decays of the KS with good efficiency even when the 
radiated photon is as soft as 20 MeV in the KS rest frame, so we also report a 
second branching ratio result: 

B(Ks --) rim-y; ES > 20 MeV) 
B(Ks --) ?T+A-) 

= (6.36 f 0.09 f 0.05) x 10-3. 

This preliminary result is about 10% below the theoretical prediction of 7.00 x 
10-s. 

For the KL decay, we want to measure separately the inner bremsstrahlung 
and direct emission contributions to the branching fraction. Irrorder to do this, 
we have fit the KL -+ six--r photon energy spectrum to a linear combina- 
tion of the KS spectrum (which is assumed to be the same as the KL inner 
bremsstrahlung spectrum) and a Monte Carlo prediction for the photon energy 
spectrum resulting from the direct emission KL decay. The result of this fit 
is that the total number of inner bremsstrahlung events with ‘E; > 20MeV in 
the KL --) six--y data is 1453 f 38. The average acceptance for these inner 
bremsstrahlung events is calculated from Monte Carlo simulations to be 12.3%. 
During the same run, the total number of Kr. -+ x+x- decays was estimated 
to be 1.49 million. This yields a branching ratio of 

B(KL + &x-7; Inner Bremss., E; > 20 MeV) 
B(KL ---) ir+r-) 

= (6.49 f 0.17 f 0.20) x 10-3, 

very close to the ratio observed in KS decays. This represents a significant 
improvement in statistical precision compared to the previous measurement of 
(7.5 f 0.8) x lo-” reported by Carroll cl al. in Ref. 11. I 

After subtracting the inner bremsstrahlung component from the KL --) 
six-r photon energy spectrum, we are left with the spectrum shown in Fig. 7. 
There, the observed spectrum is compared to the spectra predicted by two dif- 
ferent models for direct emission.13 The second model, which predicts a shape 
more similar to that observed in the data, is baaed on a Vector-Meson Domi- 
nance model; the first model is the prediction of a Born approximation without 
VMD form factors. 

The best fit corresponded to a total of 2363 direct emissibn KL + *+*--l 
decays, which implies 

B(KL -+ ~~rr-7; Direct Emission) = (2.95 f 0.06 f 0.09) x lo-‘, 

given the average acceptance of 10.9% predicted by the Monte Carlo simulation. 
The systematic error includes a 2% contribution from the uncertainty in the 
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Figure 7: The photon energy spectrum for the direct emission 
component of Kt -+ n+n-r decays, compared to 
Monte Carlo predictions using two different models. 
The data are represented by the points with error bars; 
the Monte Carlo predictions are the dashed histograms. 
The top part of the figure shows the prediction of a 
Born approximation; the bottom part shows instead a 
prediction including the effects of Vector Meson 
Dominance form factors, as suggested in Ref. 13. 

branching ratio for Kr, + ~+rr-.‘~ The best previous result, alsc 
et al.,” was (2.89 f 0.28) x lo-‘. 

from Carroll 

Finally, we have plotted the proper time distribution of n+rr-r decays in the 
regenerator beam. Figure 8 shows the observed distribution, together with the 
distributions expected with and without KL-KS interference. It is clear that 
the observed distribution cannot be explained without KL-KS interference. We 
have fit the observed distribution for the value of o+-~, and our preliminary 
result is 

1 7J+-71 = (2.0 l 0.5) x 10-J. 

In the absence of direct CP-violation effects in the rr+rr-~ decay, and of contri- 
butions from direct emission, this parameter would be equal to 1~1. We expect 
the error on this measurement to decrease, and we will also extract the phase 
of n+-? from the fit. This represents the first observation of the KL-KS inter- 
ference in any decay mode other than rr+s- and x0x0. 

STUDY OF KL + r*r’erv(ii) 

Another rare decay mode we have studied is KL 4 s*r’erv(fi), called Kc4. 
This mode has been extensively studied in K* decays” , but the largest sam- 
ple of neutral Kc4 decays previously obtained consisted of only 16 events” . 
Theoretical interest in this mode has focussed on the “singularly rich kinematic 
structure” i6 of the four-body final state, which is described by no fewer than 
nine form factors. The five kinematic variables describing the final state can be 
taken to be sl, the squared rr*x’ invariant mass, sl, the squared eiy invariant 
mass, 01, the angle between the electron momentum and the q*r” momentum 
in the eTv rest frame, 0,, the angle between the s* momentum and the er, 
momentum in the x*x0 center of mass, and 4, the angle between the normal 
to the plane containing the lepton momenta and the normal to the plane con- 
taining the pion momenta. The short-distance electroweak part of the matrix 
element can be evaluated, after which the cross section can be expressed (see, 
for example, Ref. 16) as a sum of nine contributions. Each has a different 
dependence on the variables 01 and 4: 

d6r(K~ -+ n*s’erv(fi)) 
I 

ds,dsldcos&dcose,dq4 
= II + I2 cos 24 + I3 sin’ 81 cos 24 

+4sin28l~s~+~Ssine~~S~+zSCOSe~ 

i- h sin 0, sin 4 + I6 sin 28, sin 6 + 19 sin2 0, sin 24. 

Each of the form factors Ij is a function of the other three kinematic variables, 
SI, sz, and 8,. Considerable theoretical interest has focussed on Zs, which is 
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Figure 8: The proper-time interference in K” -+ ~+a-? decays. 
In both parts of the figure, the points with error bars 
show the observed proper time distribution of decays 
in the regenerator beam. The dashed histogram in the 
top part of the figure is the prediction of a Monte Carlo 
with no KL-KS interference. The data agree much better 
with the dashed histogram in the bottom part of the 
figure, which includes the amount of interference expected 
if o+-, = v+-. Units on the abscissae are KS lifetimes. 

expected to be very small in the absence of non-Standard-Model P viola- 
tion. In Ref. 17, Castoldi, Frere, and Kane remark that measuremLnts of 19 
are complimentary to those of L)/L and the neutron electric dipole moment, 
since only non-Standard-Model CP-violating effective Lagrangians with vector 
or axial vector interactions will contribute to Ig, while scalar or pseudoscalar 
interactions will contribute to the other measurements. 

In addition, measurements of the Ij in charged kaon decays have been used 
to evaluate ~7r phase shifts”‘” and to test the AI = l/2 Rule. Because the 
RX system in neutral Kc4 decays is mostly in an Z = 0,Z = 0 state, in contrast 
to the charged case, in which the IIT state is predominantly Z = 1,1 = 1, the 
Ij measured in KL decays are expected to be quite different from those already 
measured in K* decays. Thus the study of neutral Ke4 decay6 should, with 
adequate statistics, provide information which is complimentary to what has 
already been learned from charged Kc4 decays. 

The Kc4 event selection procedure included the following requirements: 

s The event had to have two tracks, each with a measurtid momentum 
greater than 2.5 GeV/c (which is approximately the smallest detectable 
momentum, anyway), and with opposite charges. 

s Both tracks had to be matched to energy clusters of at least 500 MeV. 
One track then had to have an E/p value less than 0.8; this track was the 
charged pion candidate. The other track had to have 0.9 < E/p < 1.1; 
this was the electron candidate. The cluster matched to the electron- 
candidate track had to satisfy cuts on shower-shape parameters designed 
to reject hadronic showers. 

s In addition to the two matched clusters, there had to be two bdditional, 
unmatched clusters, each with an energy greater than 2J GeV. As in 
the case of the s+r-r analysis, this minimum energy requirement helped 
to reduce accidental backgrounds. These two clusters were the photon 
candidates. 

s Finally, the invariant mass of the two photon candidates bad to be within 
10 MeV/c2 of the nominal 7r” mass. Events in sidebands outside this 
region were used later in the analysis to estimate the amount of residual 
background under the ?y” mass peak. 

After these cuts, there were three main sources of backgiound. First, 
KL --$ ~+x-A’, with one of the charged pions misidentified ss an electron. The 
probability of such a misidentification can be estimated from KL + n+r-n” 
events by looking at the distribution of the larger of the two E/p values for 
events in which the shower with the larger E/p value passes the shower-shape 
cut mentioned above; it has been found to be about 3%. Since the K+x-~’ 
branching fraction is 12.7%, this still contributes a background at a level of 
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approximately 4 x 10m3, which is much larger than the expected level for Ke4 
decays. To further reduce this background, we attempt to reconstruct the 
event as a KL 4 sr+rr-xo decay, then reject events which have x+x-v0 invari- 
ant massea and total transverse momenta within the region which, according 
to a Monte Carlo simulation, should be populated by rr+rr-rr’ decays. This 
procedure allows us to reduce the ultimate level of x+x-x0 background to a 
level of about 10m6 per KL decay (i.e., the same number of signal events would 
imply a Kc4 branching fraction of 10e6). The remaining background from this 
source is subtracted by a procedure which is described in detail below. 

The second source of background is radiative Ke3 decays in coincidence with 
an accidental photon, such that the two photons combine to form a fake x0. We 
reduce this background by requiring that pc . pt be greater than 50 MeV2/c2. 
Since the matrix element for radiative Kc3 decays is inversely proportional to 
this quantity, most such decays are rejected by this cut. 

The final background source is Kc3 decays with two accidental photons 
which combine to form a fake so. This background source, together with ra- 
diative Kc3 background events which survive the pc . p7 cut, is supressed by 
a requirement that M,,,, the invariant mass of the observed particles, be not 
more than 5 MeV/c2 greater than the nominal K” mass. All real Kc4 events 
should satisfy this cut, but some events with accidental photons do not. In 
addition, we require that 

Wf: - M&d2 
4M; 

> -1500 MeV’Jc’. 

For a real Kc4 decay, this quantity is the square of the neutrino’s longitudinal 
momentum (i.e., the component parallel to the K” line-of-flight) and must 
therefore be non-negative. The slightly negative cut allows for the effects of 
finite energy and momentum resolution. 

The my invariant msss spectrum for all events surviving these cuts is shown 
in Fig. 9. There is a clear peak at the x0 mass containing roughly 800 events, as 
well as a slowly falling background. The shape of the peak is in good agreement 
with the prediction of the Monte Carlo, also shown in Fig. 9. The slowly falling 
background is due to the presence of the Kc3 and radiative Kc3 backgrounds, 
in which the yy mass spectrum should not show at peak at the so mass. We 
take advantage of this fact to estimate the background under the peak due to 
these sources from the sidebands in MT7. This yields an estimate of 121 f 30 
background events from Kc3 and radiative Kc3 decays with accidental photons. 
The uncertainty is systematic, and reflects our uncertainty as to the exact shape 
of the MT7 mass spectrum for these accidental backgrounds. 

The other background source, n+r-n’ events which survive all the cuts 
described above, does contain a so, and therefore contributes to the peak in 
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Figure 9: The y-y invariant mass distribution for events satisfying 
the Ke4 selection criteria. The top part of the figure 
shows the observed distribution; the bottom part, 
the prediction of a phase space Monte Carlo simulation. 
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the M.,, spectrum, and not to the sidebands. Figure 10 shows the di$ribution 
of the maximum E/p values for the remaining events, after the subtraction 
based on the -ye mass spectrum. The peak centered at an E/p value of unity 
demonstrates that the data consist primarily of K,4 events, rather than A+X-R’ 
events which somehow survive to this stage of the analysis. 

The amount of residual A+II-A’ background is estimated from the data by 
using instead an E/p sideband in which the larger E Jp value for two tracks was 
between 0.7 and 0.9. Very few electrons have measured E/p values below 0.9, 
so we assume that this sideband is populated exclusively by KL --) r+r-?r’ 
events. Using a sample of good rr+rr-zO events in the data, we found that the 
ratio of the number of events with the larger E/p value between 0.9 and 1.1 
to the number in which this value was between 0.7 and 0.9 was 0.42. There- 
fore, we estimated the x+x-x’ background remaining after all cuts by scaling 
the number of sideband events in each MT7 bin by 0.42, then subtracting this 
number from the ovserved My7 spectrum. This method leads to a total sub- 
traction of 28 events. Pending further study of this subtraction procedure, we 
conservatively estimate the uncertainty in this background at f10 events. 

The total number of events in the MT1 spectrum with 1 M7’1 - M,. I < 
10 MeV/c2 is 929. After subtracting the background by the methods just de- 
scribed, we find that the number of K,4 events in this region is 780 f 40. From 
the Monte Carlo simulation, we find that our average acceptance for this mode 
was about 1.2%, assuming that the decays are distributed simply according to 
phase space. We have tried one other matrix element, and found essentially 
the same acceptance, but we cannot exclude the possibility of a significant cor- 
relation between the Kc4 form factors and the acceptance. Nevertheless, if we 
combine the phase-space acceptance with our total exposure of 1.07 x 10’ KL 
decays while running with the charged trigger enabled, we find a branching 
fraction for the Kc4 mode of (5.8 f 0.2) x lo-‘, where the error is statistical 
only. Our estimate for the systematic error due to background subtraction is 
f40 events, as has been noted above. The following table lists our preliminary 
estimates for this and other sources of systematic error: 

. Background Subtraction Technique 5% 

. Effects of & Showers 2% 

. Accidental Effects 3% 

. Normalization 2% 

. Acceptance 2%. 

Combining these estimates in quadrature, we get a total systematic error 
of 6.8%, which yields our preliminary result: 

B(KL + x*r”erv(fi)) = (5.8 f 0.2 f 0.4) x 10T5. 

We hope that further study will enable us to reduce the total systematic error to 
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The distribution of E/p values for events sakisfying 
the Kc4 selection criteria, and having 77 invariant 
masses within 10 MeV/c2 of the nominal so mass. 
Misidentified z+z-rrO events would contribute a 
relatively flat background beneath the peak produced 
by real Kc4 events. 
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perhaps half the level we quote here. I emphasize once more that this result is 
valid only for a phase-space matrix element, and that the systematic error does 
not reflect variations in the result which may occur as a result of changes in the 
form of the matrix element. We have begun to investigate angular correlations 
in the Kc, sample, and we intend ultimately to fit the data for the various form 
factors, and to study the dependence of the acceptance on the matrix element. 

SEARCH FOR A’ + e+e- 

The order c~’ eletromagnetic decay rr” + e + - e has been the subject of consid- 
erable interest, since the smallness of the Standard Model branching fraction 
may permit new interactions to reveal lg themselves. The best current upper 
limit on the branching fraction for this mode comes from the recent SINDRUM 
experiment ” , from which a 90% confidence level upper limit of 1.3 x lo-’ was 
reported. The amplitude for this process has two parts, the real, absorbtive 
part, which can be confidently predicted from QED, and the imaginary, dis- 
persive part, which depends on the electromagnetic form factor of the so. The 
branching fraction cannot be less than the value calculated by assuming that the 
dispersive part of the amplitude vanishes; this level, the so-called unitarity limit 
for v” -+ e+e-, would correspond to a branching fraction of 4.8 x lo-*. Recent 
calculations of the dispersive amplitude*’ lead to a more realistic prediction for 
the branching fraction in the range 6-7x lo-*. 

The main experimental challenge in the measurement of this mode is how 
to “tag” the decaying x0; that is, how to measure accurately its momentum in 
order to see that the e+e- pair observed in the detector really resulted from the 
decay of a A’ to those two particles and no others. The SINDRUM experiment 
did this by detecting the neutron produced in the reaction x-p -+ nx”(rro -+ 
e+e-), where the negative pion was incident on a stationary proton. They 
nevertheless had to deal with a sizable background from the process v-p --) 
ne+e-, where the e+e- pair accidentally combined to give a ?y” mass. They did 
this by fitting the observed e+e- mass spectrum and looking for a peak at the 
if0 mass. 

In the 1978 experiment of Fischer et al.** , neutral pions were produced in 
the decay K* -+ x*z’. The so could therefore easily be tagged by measuring 
the momentum of the decaying kaon and the charged pion in the final state. 
In constrast to the r-p interaction technique, the rate for K* + s*e+e- is 
extremely small, and contributes a background far below the unitarity limit 
to so + e+e-. The problem with this method however, is that the available 
flux of kaon decays was simply too small to be sensitive to x0 + e+e- decays 
at the level predicted by QED. The 1978 CERN experiment did observe six 
events, with a background estimated at about one event, on the basis of which 

they reported a branching ratio of (2.2 f 0.7) x lo-‘. A value of 2.2 x lo-’ is 
much larger than the predictions and would be difficult to explain theoretically; 
however, the statistical error on the result is large. 

We have used the large number of KL decays to s”nozo and rr+x-rr’ in the 
E731 data to tag neutral pions, and thereby search for the x0 + e+e- mode. 
The former mode is particularly attractive, since every KL decay produces 
three so’s, any one of which can then decay to e+e-. In this case the decay 
vertex must be determined solely from the electron and positron tracks. The 
four photons are then assumed to have originated at the same point, and this 
assumption is used to calculate the overall invariant mass of the event. The 
x+*-so mode has the advantage that the KL decay vertex is known accurately 
from the charged pion tracks as well. Since all four tracks must originate at 
the same vertex, accidental backgrounds are negligible. Furthermore, Dalitz 
decay events, KL -+ a+n-nO(nO + e+e-y) are available which can be used to 
check the Monte Carlo calculation of the acceptance. Since the x0x0x0 decays 
were collected using the E731 neutral trigger, which required either four or six 
clusters in the lead glass calorimeter, Dalitz decay events in that mode (which 
would have had seven clusters) were rejected. 

The main background to z” + e+e- in KL -+ ?T+CT-A’ decays in fact comes 
from A’ Dalitz decays in which the photon is soft (less than 500 MeV), and is not 
detected or else overlaps with a shower produced by one of the other particles 
in the final state. Of cause, the e+e- invariant mass in a Dalitz decay must 
always be less than the x0 mass; moreover, the matrix element for x0 + e+e-y 
falls rapidly with increasing M,,, so the tail near the v” mass is very small. We 
estimate our current background level in this mode at about 2 x IO-*. 

Another potential background is the result of double Dalitz decays, x0 + 
e+e-e+e-, in which one e+e- pair is soft, so that both particles are swept 
out of the detector by the analysis magnet. As in the single-Dal& case, the 
e+e- invariant mass must be less than the so mass, however when all e+e- 
combinations are considered, the Met spectrum does not fall as quickly near the 
endpoint as it does in the single-Dalitz case. On the other ‘hand, the double- 
Dalitz branching ratio is some 400 times smaller than that for single-Dalitz 
decays; in addition, we have found that we can efficiently reject these events by 
looking for the truncated upstream track segments left by th? soft leptons. 

One final background can contribute only to the KL ---) z”xoxo data. In 
this background process, two of the three x0’s undergo Dalitz decay. The two 
Dalitz photons accidentally combine to form a fake x0, and an electron from 
one Dalitz decay and a positron from the other are lost at the magnet. This 
background is suppressed due to the requirement that two unrelated photons 
combine to form a fake no. However, it is dangerous in that the invariant mass 
of the observed e+e- pair need not be less than the so mass; in fact, a roughly 
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flat M,, distribution is expected from this background. As in the double-Dalitz 
case, cuts which reject events having evidence for extra upstream track segments 
sre useful in reducing this background. 

In addition the the Dalitz e+e- pairs, one must in the double-Dal& and 
double-single-Dalitz cases include the effect of the approximately 0.6% of a 
radiation length of material in the trigger hodoscope and the first drift chamber. 
There is a probability of about 0.45% that a x0 decay photon will convert 
in this material, leading to the production of another e+e- pair. This pair 
cannot by itself be mistaken for a x0 + e+e- decay, since the measured e+e- 
invariant mass for such decays will always be less than about 20 MeV/c*. It can, 
however, combine with a Dalitz pair (or with another pair from a second photon 
conversion) to generate backgrounds similar to those arising from double-Dalitz 
and double-single-Da&z decays. 

Combining all these backgrounds, we estimate the current background level 
to x0 --) e+e- from the KL -+ x”soxo mode to be about 10e8 per Kr. decay. 
The background is expected to come primarily from single Dalitz decays with 
photons overlapping other showers in the calorimeter. The background level is 
smaller than in the KL + s+s-rr’ case because it is possible to cut more tightly 
on the presence of extra energy in the calorimeter which may come from a soft 
photon. In the charged-mode case, such cuts must be looser, because when 
the charged pions shower in the lead glass, they often produce large, splotchy 
showers. 

In the neutral-trigger data, we selected xOxOe+e- candidate events by re- 
quiring: 

l Two charged tracks with p > 2.5 GeV/c, oppositely charged, from a com- 
mon vertex at least 138 meters, but no more than 158 meters, downstream 
of the target. 

a Clusters in the lead glass calorimeter matched to both tracks, such that 
each track had 0.88 < E/p < 1.12. 

s Four additional, unmatched energy clusters in the lead glass. Defining AZ 
as the distance from the decay vertex determined from the charged tracks 
and the calorimeter, the squared invariant mass for the pair consisting of 
photons i and j is to a very good approximation given by 

M; = 
EiEjtf, 

(AZ)* ’ 

where rij is the separation between cluster i and cluster j on the face of the 
calorimeter. We defined a x2 for the hypothesis that the four unmatched 

clusters were produced by the decay of two no’s at the dec 
1 

y vertex as 

where the minimum is over the three possible pairings (ij)(k[) of the four 
clusters and 6Mij is the estimated uncertainty in M,, primarily due to 
the lead glass energy resolution. 

s The magnitude of the total transverse momentum of the six observed 
particles relative to the line of flight from the target to the decay vertex 
had to satisfy 

(c PA)* < 300 MeV*/c*, 

in order to reduce backgrounds in which other decay particles were missed 
(for example, a photon from a so Dalitz decay). 

In the charged-trigger data, we wanted to identify x+x-e+e- events. The 
requirements were: 

s Four charged tracks, two positively and two negatively charged, originat- 
ing at a common vertex at least 100 meters, but no more that 137 meters, 
downstream of the target, all with p > 2.5 GeV/c. 

s Four clusters in the calorimeter, all with an energy greater than 500 MeV, 
each matched to one of the charged tracks; no clusters with energies 
greater than 1 GeV except for these four. 

s E/p values less than 0.88 for one oppositely charged pair of tracks (the 
pion candidates) and between 0.88 and 1.12 for the other oppositely 
charged pair (the electron candidates). 

l A total transverse momentum satisfying 

(C pi)* < 300 MeV*/c*, 

again to reject K” decays with missing particles. 

To reduce the number of background events from the single- and double- 
Dalitz decays processes (and from double photon conversions or photon con- 
versions together with Dalitz decays), we imposed two additional cuts. First, 
in both the charged and neutral data, we looked for evidence of soft tracks 
which were bent out of the detector by the analysis magnet. We did this by 
considering all “extra” hits in the two drift chambers upstream of the magnet. 
We considered every pair consisting of one such hit in the first chamber and an- 
other in the second chamber. If the line connecting these two hits extrapolated 
to within 10 cm of the decay vertex determined from the fully reconstructed 

-3oo- 



tracks, then we threw out the event on the grounds that those hits might have 
been left by an additional, undetected track of the sort that might be present 
in Da&-decay or photon-conversion backgrounds. Monte Carlo simulations 
showed this cut to be quite effective at rejecting those backgrounds. 

As an interesting check on the accuracy of the Monte Carlo simulation, 
we have looked in the charged-mode data for events representing the process 
Kr, 4 x+x-x’ with a subsequent x0 Dalitz decay, so -+ e+e-y. We were able 
to reconstruct full some 6105 events consistent with being examples of that 
decay. Figure 11 shows the distribution of e+e- invariant masses for those 
events; also shown is the absolutely normalized prediction of the Monte Carlo. 
The distributions match very well above an e+e- mass of about 20 MeV/c*. 
We attribute the excess in the data at low e+e- masses to x0 + -ry decays in 
which one of the photons converts in the approximately 0.006 radiation lengths 
of material between the decay volume and the first drift chamber. 

In the neutral-mode data, we applied another cut designed to reduce the 
Dalitz decay background in which only a single soft photon is missed. This cut 
rejected any event in which an energy deposit of 120 MeV or more was observed 
in a single lead glass block which was not part of one of the identified clusters 
in the event. Because hadron showers are not necessarily well-contained in the 
three by three array of blocks forming a cluster, this cut could not be applied in 
the charged-mode analysis. In the neutral mode analysis, it effectively rejected 
the Dalitz decay background. To estimate the effect of this cut on the neutral- 
mode acceptance, we applied it to real KL -+ ~~~~~~ events in the data, whose 
kinematic characteristics are identical to those of KL 4 x”~o~o(no -$ e+e-) 
events, and determined what fraction of those events that would be have been 
rejected by the 120 MeV cut. As a result, we estimate that the acceptance for 
so -+ e+e- in neutral mode is reduced by approximately 23% as a result of this 
cut. 

In both samples, x0 --t e + - e decays will manifest themselves as events in 
which the e+e- invariant mass is close to the x0 mass, and the total invariant 
mass is close to the K” mass. Based on Monte Carlo simulations, we defined a 
signal “box” in both final states, within which we look for so + e+e- candidate 
events. In the neutral-mode analysis, the box extends 15 MeV/c* above and 
below the K” mass; in the charged-mode case, the resolution is better, so the 
box need extend only 10 MeV/c* to either side of the nominal KL mass. In 
both cases, the e+e- mass had to be within 5 MeV/c* of the so mass. This cut 
was fairly tight, in order to exclude as much as possible of the high-mass tail 
from the single-Dal&z decay backgrounds. 

The scatter plots of M,, versus MIlee are shown in Figure 12. No events 
are observed in the box in either the charged- or the neutral-mode data. 
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Figure 11: The distribution of e+e- invariant masses in events 
satisfying the criteria for KL -+ x + - x r 0 decays 

followed by a x0 Dalitz decay, so that the fully 
reconstructed 6nal state is n+n-e+e-7. The solid 
histogram is the data; the points with error bars are 
from an absolutely normalized Monte Carlo simulation. 
The excess data at small masses are due to external 
photon conversions. 
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Figure 12: Scatter plots of e+e- invariant mass versus total 
invariant maas from the x0 --* e+e- search. The 
top plot shows the neutral-mode data; the 
bottom plot shows the charged-mode data. The 
boxes indicate the regions in which x0 -+ e+e- 
signals would be expected, based on Monte Carlo 
simulations. No signal is observed. 
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To convert this non-observation into an upper limit on the br&hing ra- 
tio, we calculated our experimental acceptance for both trigger-modes using a 
Monte Carlo simulation. In the neutral-trigger mode, the average acceptance 
was 1.2%; in charged-trigger mode, the acceptance was double that. However, 
the total x0 exposure from KL + rr”xoxo was approximately 5.3 x lo8 decays, 
compared to only 1.4 x lo8 from KL -+ vr+r-r”. This difference was caused by 
three factors: most important is the fact that each x”soxo decay gives three 
x0 decays; also the branching ratio for KL + x0x0x0 is nearly double that 
for KL -) rr+x-rr’. Finally, the intensity and running time for charged-trigger 
mode and neutral-trigger mode running were different. 

Combining the acceptances and exposures, we have a single-event sensitivity 
for x0 -) e+e- of 1.57 x lo-’ in the x0x0x0 mode, and 2.97 x lo-’ in the 
x+x-x’ mode. The combined single-event sensitivity is therefore 1.02 x lo-‘. 
Since we see no events, we report a preliminary upper limit for the branching 
ratio B(n” + e+e-) of 2.3 x lo-’ at the 90% confidence level. 

This result is consistent with the existing measurements and limits; however, 
it is only about half as stringent as the most recent upper limit of 1.3 x lo-’ from 
the SINDRUM experiment. Unlike the r-p scattering experiments, however, 
the technique described here is (so-far) background free. We estimate that the 
ultimate background level from the various processes discussed above is about 
l-2x10e8, with optimised cuts. Thus even at the unitarity limit of 4.8 x 10e8, 
we expect a signal to noise ratio of two or better. To improve the current limit, 
or to see a signal, we basically need much greater exposure. This we expect to 
obtain in the summer of 1991, when a dedicated rare decay experiment, FNAL 
E799, will run at Fermilab using the E731 apparatus, with the addition of 
transition radiation detectors to improve x-e separation, a lead/scintillating 
fiber photon pre-converter to improve the resolution of nearby photons, and a 
new Level 2 charged trigger system. In that experiment, we anticipate observing 
a x0 --) e+e- signal of perhaps 20 events over a background of 10 or fewer. 
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1. Introduction 

The study of hadronic decays of the Z at the LEP e+e‘ collider offers new 
opportunities for Heavy Quark Physics. For the fust time the coupling of c,b quarks to 
the Z can be precisely measured providing an important test of the Standard Model. In - 
ad&i& fundamental properties of b hadrons, such as B”-B” mixing and lifetimes, can 
be measured with large samples of high purity Z + b 6 decays. In this review we 

will present results from LEP experiments after one year of LEP operation. Most of the 
results are preliminary and based on integrated luminosities of a few inverse picobarns. 
Nevertheless they represent an excellent start for Heavy Quark Physics at LEP. 

2. Production of c,b quarks at the Z pole 

In the Standard Model the coupling of the Z to individual quark flavours 
depends on the weak isospin of the quark. In particular the expected fractions of Cc and 
b6 events in hadtonic Z decays are 

rcZ/rhd = 0.171 
and 

r,-/ l-had = 0.217 . 
The problem of separating the t? and b6 contributions and to disentangle them from 
the u,d,s background has been tackled by LEP experiments using different 
techniques. The traditional heavy flavour tagging by detecting the lepton produced in 
semileptonic decays has been used by ALEPH to measure the cc and b6 decay 
fractions and by L3 to measure the b& decay fraction. DELPHI and ALEPH have both 
measured the CC fraction by looking for events containing a D*. Finally the larger 
sphericity of b6 events has been used by DELPHI to measure the b6 decay fraction. 
We will describe here these results and we will compare the systematics involved in the 
different analyses. 

2.1 Lepton tagging 

Because of the hard fragmentation of the c and b quarks and the large masses 
of c and b hadrons, semileptonic decays of heavy quarks yield leptons of high average 
momentump and transverse momentum pt with respect to jet axis. Algorithms based 

on lepton tagging rely on good particle identification and good jet reconstruction; the 
@pt ) lepton spectrum is the basic tool to disentangle hh from CC and from the 
background. The use of the lepton pr makes the definition of the jet axis mandatory, as 

we shall see this is not the same for all the experiments, 

2.1.1 ALEPH 

The ALEPH lepton tagging analysis has been recently published [I]; here we 
will describe only its most relevant features. Results are based on a sample of about 
25000 hadronic events, inclusive electrons and inclusive muons are both used. 
Electron identification is performed in two independent ways : by measuring the energy 
deposition in the electromagnetic calorimeter (ECAL) and the energy loss @E&x) in the 
TPC. As far as the energy deposition in the calorimeter is concerned. first the 
measured track momentum is compared to the energy deposited in the four towers 
closest to the extrapolated track (four towers only are used in order to reflect the 
compactness of the electromagnetic shower), then the longitudinal shower profile is 
measured and compared to that expected for an electron. The dE/dx measurement is 
complementary to the calorimetric method since it is most effective at low momentum 
(below 5 GeV/c) where hadronic showers fake more easily electromagnetic showers. 
This can be seen in Fig.1 where the value of two estimators based on the two criteria is 
plotted for a sample of tracks as a function of the track momentum. In the case of 
electrons both estimators have a gaussian distribution with zero mean and unit 
variance. The first (RT. Fig.la) is related to the energy deposited in the calorimeter 
towers, while the second (Rt, Fig. 1 b) is computed from the dEJdx. A further source of 
contamination of the prompt electron signal is mainly caused by electrons from photon 
conversions and no decays. A pair rejection algorithm, basedjon the distance of the 
track to the interaction point and on the invariant mass calculated pairing the electron 
candidate with oppositely charged tracks, greatly reduces this kind of background. The 
efficiency for electron identification and the hadron misidentification probability are 
entirely determined from data and are given in Ref. [l] as a function of p and pt . The 

hadron misidentification probability is extremely low (less than 0.1%) at low 
momentum, where the u,d,s quark contamination is more important. 
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Muons are identified as tracks penetrating through all 23 layers of iron of the ALEPH 
hadron calorimeter (HCAL). They can be effectively separated from punch-through 
hadrons thanks to the tracking capabilities of the HCAL. The muon identification 
efficiency is greater than 80% and the contamination from charged pion and kaon 
decays and punch-through hadrons is less than 1% (see Ref.[ 11 for more details). 

Jet identification is performed using charged tracks and the scaled-invariant 
mass clustering algorithm. The transverse momentum of the lepton, pr , is determined 

by removing the lepton from its jet, reevaluating the jet momentum and then calculating 
the pr of the lepton with respect to the axis of the new jet momentum. This has been 
proved to be more effective in separating b quarks from background when charged 
tracks only are used in the jet definition. 

Several sources contribute to the measured lepton sample : prompt leptons from 
decay of b hadrons (including cascade processes like b + cX --f IX’ ). prompt 

leptons from decays of charm hadrons, leptons from decays of light hadrons, electrons 
from photon conversions and misidentified hadrons. Decays of bottom hadrons 
dominate the high pl region defined by ALEPH by the conditions pt > 2 GeV/c and 

p > 3 GeV/c _ Most of the contribution from direct charm decay is in the region 
pr c 2 GeV/c. While the high pr region is relatively background free, most of the 
background leptons are in the low pt range. For this reason, measuring the CC fraction 

requires a good knowledge of the background, something that in ALEPH is achieved 
for the electron sample by using the two independent identification methods described 
above. Fig. 2 shows the momentum spectrum for electrons (Fig. 2a) and muons (Fig. 
2b) in the range pr > 2 GeV/c. Fig. 3 shows the pr spectrum for electron, in the 
range p > 2 GeV/c . The Monte Carlo prediction, normalized to the same number of 
hadronic events, is superimposed and separated into the different sources. 

The extraction of the c? and d decay fractions requires knowledge of the 
semileptonic branching ratios of the c and b quarks. The value used by ALEPH for the 
semileptonic c decays is an average of measurements made at PEP and PETRI (the 
mixture of D mesons and charm baryons is expected to match that at LEP energies). 
For semileptonic b decays an average of CLEO and ARGUS results is used. In this 
case the systematic error is increased to account for the uncertainty in the mixture of b 
hadrons at different centre of mass energies. The actual values of the used branching 
ratios as well as the references to the papers can be found in [ 11. 

The fit to the lepton spectta yield the following values for the decay fractions : 

and 

F&/ Iti = 0. 148f0.044(stat.)$ioi$syst.) 

Fbb/ rhd = 0.220&0.016(stat.)M.O24(syst.) 

in good agreement with the Standard Model predictions. 
In the tit of the @,pt ) spectrum the average x ‘s of c and b hadrons (x is the fraction 

of beam momentum carried out by the hadmn) are free parameters. The fit gives 

uc > = 0.52’$$ and uh > = 0.67$$$ . 
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2.1.2 w 9 
The L3 collaboration has measured the decay width of Z + b h and the 

forward backward asymmetry of the produced b quarks using their inclusive muon 
sample. The analysis we present here follows the lines of Ref. [2], with an increased 
statistics of 38.000 hadron events Muons are detected with a muon detector consisting 
of 3 layers of very precise drift chambers. An average of 6.5 absorption lengths before 
tie chambers makes the punch-through background very low. The contamination from 
I and K decay in flight is particularly low in the L3 detector because of the short decay 
path from the interaction point to the front face of the elecuomagnetic calorimeter. 
Inclusive muons are selected by requiring at least one track in the muon detector with 
momentum greater than 4 GeV/c that is consistent with coming from the interaction 
point . Jets are found using a clustering algorithm which groups the energy deposited in 
the electromagnetic and hadron calorimeter. In order to have events well contained the 
Thrust axis of the event has to satisfy the condition I cos @‘f ) I < 0.7 where t3’p is the 
angle between the Thrust axis and the beam line. These criteria select 1850 ha&on 
events containing a muon. 

A maximum likelihood fit is performed to the muon-momentum @ ) and 
transverse momentum to the nearest jet fpt ) distributions in order to extract the Z + 
b& component. Fig.4 shows the pt distribution for the final sample superimposed to 
the Monte Carlo expectation, the b and b 3 p components are indicated. The pt 

scale is d&rent from that of Fig.3 since here the lepton momentum is used to compute 
the jet axis. The free parameters of the fit are the Z-t b 6 decay width (multiplied by 

the branching ratio b -+ p) and the average x of b hadrons. After inserting the setn- 

leptonic branching ratio fL3 takes an average of PEP and PETRA results) the following 
ptdiminary results are obtained : 

rbi = 378 7;; (stat.) f 36 (syst.) MeV 

or, using Fti = 1733f4-4 MeV from L3 

%! rhd = 0.218f0.010(stat.)f0.021(syst.) 
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Using this inclusive muon sample L3 measures the forward backward 
asymmetry in Z + b 6 at the Z pole. The charge of the detected muon is assumed 

to have the same sign of the original b quark, the two charges ate indeed correlated in 
semi-leptonic decays of b quarks. The Thrust axis is used to define the direction of the 
quark and the measurement (performed with the condition I cos (8T ) I < 0.7) is 
exhapolated to the full angular range. The preliminary result is 

%i = 0.145 f 0.052 (stat.) 

The result has been corrected for the contamination from background and the cascade - 
process b + CX + Ix’ , but it is not corrected for B”-B” oscillations. The 

Standard Model ptediction assuming mtop=150 GeV, mB&gs=fm GeV and applying 
QED radiative corrections is 0.086 [3]. Since the quark charge is determined by - 
measuring the prompt muon charge B”-B” mixing has the effect of reducing the 
magnitude of the asymmetry to about 75% of the original value (the reduction factor is 
1-2X where x is the average mixing parameter). 

2.13 Systematic errors in the lepton tagging analyses 

There are basically 3 sources of systematics in the ALEPH and L3 
determinations of the partial decay width of Z -I b 6 : uncertainties on the 

semileptonic branching ratios, uncenainties on the amount of background and lepton 
identification efficiencies. The fact that Ub > has been allowed to vary independently 
in the fit leaves just a weak dependence on the fragmentation hypotheses. Since by far 
the most important systematic error for this measurement comes from the knowledge of 
Br(b + 1 VX ) , the average bottom hadron semileptonic branching ratio, both 

experiments give a measure ment of the b 6 fraction times the branching ratio : 

Br(b + I vX ) x FG/Fhd =0.0224fl.0016(stat.~.001O(syst.) (ALEPH) 

and 

Br(b -+ 1 VX ) x FG/ FW =0.0257&0.0012(stat.)zbO.001 l(syst.) (L3) . 

The residual systematic errors come from the extra sources mentioned at the start of this 
paragraph. It should be pointed out that the value of Br(b + 1 vX ) used by the two 

experiments, being obtained from averages of different measurements, it is not the 
Same: 

Br(b + 1 VX ) = 0.102&0.010 (ALEPH [1]) 

Br(b + 1 vX ) = 0.118&0.011 (L3 [2]) . 

The average of the two determinations of the b 6 fraction times the branching ratio 
with the errors added in quadrature is 

Br(b + 1 VX ) X  w h& = 0.0243 f 0.0012 . 

It is interesting to note that if we assume the Standard Model prediction of 0.217 for the 
b 6 decay fraction we find Br(b + 1 VX )=O. 112zkO.005, with an error that is better 

than the present world averages of direct measurements. 

2.2 D* tagging 

The identification of a D* tags an heavy flavour event. The D* can either be 
produced from primary c? or as a secondary product from b decay. Typically the 
search for D* is done through the channel D*+ + D%t+ which, being a decay with 

a Q  value of only 5.9 MeV, gives a pion of low momentum and with a transverse 
momentum that is small with respect to the D* line of flight. A very effective tagging 
can be performed by searching for exclusive decay chains like D*+ + D%+ with Du 

--f K-x+ , taking advantage of the small Q  value that yields a sharp peak in the 

distribution of the mass difference AM=M(K-r&r+) - M(K-II+) . The mass difference 
obtained by ALEPH from 80,000 hadronic Z decays can be seen in Fig.5. However, 
this method has the disadvantage that branching ratios for exclusive decay chains are 
low and Oc events have to be disentagled from secondary charm. An alternative 
procedure to tag Cc events using D*+ -+ D%+ has been developed by the HRS 
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22.1 DEU’Hi ’ 

DELPHI has used the Pf distribution for sofr pions to measure the partial 
decay fraction of Z + Cc . In order to select hadronic Z decays with a negligible 

background, events with 5 or more charged tracks and invariant mass of all charged 
uac@ greater of 12 GeV/c2 are selected. This has the effect of selecting about 36900 
hadronic Z decays with an efficiency of 92%. Then soft pions are retained if their 
momentum is in the range 1.5 to 2.5 GeV/c. The lower momentum cut has the effect of 
reducing the b6 background, since D* ‘s from bottom hadrons have on average a 
lower momentum. Jets are reconstructed from charged tracks using the LUCLUS 
algorithm of the LUND package [6]. Quality checks are performed on the jet containing 
the soft pion, in particular the sum of the energies of the charged tmcks in the jet has to 
be at least 90% of that of all tracks in the same sphericity hemisphere. For the selected 
sample of real data Fig. 7a shows the Pf distribution of charged tracks in the 

momentum interval 1.5 to 2.5 GeV/c : a clear peak is seen. Fig. 7b, made with pions in 
a different momentum range (3 to 5 GeV/c ), shows no peak. The signal in Fig. 7a is 
fitted with an exponential function, 

the slope of the exponential is determined from the Monte Carlo simulation of Z + 

c? events yielding a decay D*+ + D%+ . For the background two different 

functions are used : 
a 

1 +bp;+cp; 
or 

a’+b’xexp(-p2W2) I ; 

the final result is rather insensitive to the exact choice of this function. The fitted signal 
and background are superimposed to the experimental data points in Fig.7a. the 
measured D’ signal is N,=38lf76. 

In order to measure the Z --+ ,cT partial decay width it is necessary to 

determine the efficiency of this tagging procedure in selecting c? events. The efficiency 
can be expressed as 

Es=P1XP2XP3 
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I 

where Pt is the probability to produce adecay D*+ + D%t+ in Z + o? , Pa is 

the probability to reconstruct a charged pion taking into account the fact that the 
momentum range is limited from 1.5 to 2.5 GeV/c. P:, is the efficiency of the fitting 
procedure. Pz and Ps are reliably estimated from the Monte Carlo simulation, their 
value is respectively .27i.O2 and .78f.05 . P, is the more uncertain factor. the 
DELPHI collaboration uses Pt =.31f.05 obtained by combining measurements of 

CLEO [7] and MARK III [8]. In extrapolating the measurements at low energy storage 
rings to LEP it is assumed that the fragmentation rate of charm into D* does not 
change from 10.55 GeV to 91 GeV cenue of mass energy. The preliminary value of the 
measured partial decay width is 

UC > = 0.475fo.030 . 

The systematic error on the charm partial decay width results from varing over a 
reasonable range the jet clustering parameter and tlte lower momentum cut for tracks to 
be included in the jet clustering itself. The error on uc > is purely statistical. The 
branching ratio Br(c + D%tsort ) is equivalent to the probability P, defined in the 

analysis of DELPHI, divided by a factor 2. Taking for the branching ratio the value 
0.174 (obtained from the LUND Monte Carlo) yields 

F&/F~ucI = 0.167ifl.O21(stat.) 
F&-lFtud = 0.162iO.O32(stat.).O3l(syst.) 

in good agreement with the Standard model and the ALEPH lepton tagging 
measutement . The largest contribution to the systematic error is the uncertainty on P, . 

in agreement with the lepton tagging measurement of ALEPH and the measurement of 
DELPHI using the same technique. Since Br(c -r D%tsott ) is the most uncertain 

factor it is interesting to see that assuming the Standard Model prediction of 0.17 1 for 
dteZ 4 I? partialdecaywiddt gives 

2.2.2 ALEPH 

Br(c + D%,tt ) =0.176zkO.O21 . 
The ALEPH analysis is based on about 91200 hadronic Z decays. The D* 

direction is estimated from a jet analysis using the scaled-invariant mass clustering 
algorithm. Soft pions are selected in the range 1 to 3 GeV/c; this range is divided into 
four bins of 0.5 GeV/c each and a Pf spectrum is obtained for each bin of soft pion 
momentum. The four P: spectra are simultaneusly fitted with a c quark component, a 
b quark component and a term for the continuum. The actual shape used for tbe D* 
signal is 

Npp(-apf-bp~) , 

the Pf term helps in fitting the tail of the signal when the D* axis is not well 

estimated. The fit gives the preliminary result 

I& / rhd X BXfC --t D”xsoft ) = 0.02~.~35(stat.)f0.0023(syst.) 

2.3 Boosted sphericity product 

The use of shape variables to disentagle different quark flavours heavily relies 
on predictions from Monte Carlo simulations, but has tbe advantage of using all the 
available events, not a particular channel only. A typical separation variable that has 
been used by the TASS0 collaboration at PETBA is the boosted sphericity product [9]. 
In a two-jet event each of the two jets is independently boosted along the spbericity axis 
toward the hypotethical rest frame of dte b hadmn and the sphericities for each jet in 
the new frames, St and S2. are calculated. Since the mass of b hadrons is large, bh 

events appear to have a larger value for St and S2. A separation variable, St x S2, is 
deflned as tbe product of the two boosted sphericities. The DELPHI collaboration has 
used this variable to measure the partial decay width of Z + b 6 [lo]. In Fig.8 the 

distribution of the separation variable St x S2 is plotted for b6 and non b 6 events in 
a Monte Carlo simulation of the DELPHI detector. A boost p=.96 has been used. The 
b 6 component is enhanced in the region of high boosted sphericity product. 
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experimental data are shown and the Monte Carlo curves for a pure bfi sample, for 
the Standard Model prediction, and for a mixture of udsc quarks only are 
superimposed Data clearly agree with the Standard Model hypothesis. A tit of the data 
yields 

rd rhd = 0.211~.020(Stat.)f0.03i(SySt.) . 

The systematic error includes the model dependence of the fit, uncertainties on the 
fragmentation parameters and on the cZ branching fraction. 

. DELPHI 

/ 

bi only 

Standard model 
B.r. 

Fig.9 

The analysis of real data is performed on a sample of 17700 two-jet events selected 
from more than 24500 hadmnic events with the scaled invariant mass algorithm. For 
this sample the differential disttibution dN/d(St x S2) is calculated. In Fig.9 
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3. B”-3 mixing 
follows : 

In semileptonic decays of b hadrons the charge of the lepton is correlated in - 
sign to the charge of the initial quark, therefore B”-B” mixing can be measured from a 
sample of hadronic Z decays having two high p,pt leptons in the opposite 
hemispheres. Since at LEP centre of mass energies both B$ and Bt are produced 

what is measured is the average mixing parameter 
x=f&+f,x, 

where fe (fs) is the fraction of Bi (B3 in the b sample and the x parameters are defined 

as 

In the ideal case of a pure sample in which both leptons come from a direct semileptonic 
decay of a b ha&on (primary b ‘s) x can be easily measured bycountingthe number of 
likewise sign dileptons over the total; this ratio can be written as 2:(1-x) . However 
there are competitive processes as semileptonic decays of charm, both from primary 
charm production or from the cascade; and background processes as hadron 
misidentification, electrons from photon conversion or fl decays, and muons from 
pion and kaon decays in flight. In particular, background dilepton events, which 
usually have one true lepton from an heavy flavour decay and one track wrongly 
identified as a lepton , are not half like and half unlike charge as one might naively 
assume, because of hadron-parent quark correlations. This can precisely be measured 
with real events by analysing single lepton events, and pairing the lepton with any 
opposite hemisphere track that satisfies all analysis requirements but the lepton 
identification. In the B mixing analysis of the ALEPH collaboration, which will be 
described in this chapter, the ratio like charge events to the total is measured for the 
background to be 0.554~.009 The ALEPH analysis is based on a sample of 80000 
hadronic Z decays. Dileptons are selected with the same lepton identification criteria 
used in ‘the lepton tagging section and requiring that each lepton be of momentum 
greater than 5 GeV/c and of transverse momentum with respect to the jet direction 
greater than 1 GeV/c. The two leptons should be well separated. an angle of at least 90 

degrees between the two is required. A total of 202 events are selected, distributed as 

ee 

w 
w 

32 unlike 11 bke 
69 unlike 31 like 

34 unliie 25like 

Total 135 unlike 67 like . 

If x were zero (i.e., if there were no mixing) 160 unlike sign events and 42 like sign 
events would be expected. The prediction on the composition of the sample. based on 
the results of the fit of p,pr described in the lepton tagging section, is that 66% of the 

dilepton events are pairs of direct semileptonic decays of b hadrons (primary b - 

primary b ), 15% are made of a direct semileptonic decay of a b and of a cascade charm 
decay (primary b -secondary c ), 2% are from primary c - primary c and 16% are from 
background. The events that do not depend on mixing (primary c - primary c and 
background) are subtracted taking into account the fact that, as we mentioned, the 
background it is not neural in sign. Then %  is determined by solving the equation 

Number of like sign events = 2: (1-x )x(Number of prim. b - prim. b ) + 

+(1-Z? (l-?))x(Number of prim. b - second. c ) 

and assuming no CP violation and I$J mixing. The preliminary result is 

? = 0.129 +$o~~(stat.)$‘$~‘:,o:,a(,yst.) 

where the systematic error comes from the uncertainties on the components of the 
dilepton sample (prim. b - prim. b , etc.) , from the error on tbe background average 
charge and from the error on the fragmentation parameters. Since this result constrains 
x at the 90% confidence level to 0.073 c ? < 0.190 we can conclude that a significant 
mixing is observed at LEP. 
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4. Measurement of the inclusive B lifetime lepton 

The measurement of the average lifetime for the mixture of b hadrons produced 
in Z decays, which we will call inclusive B lifetime or rh in this chapter, is interesting 

for a number of reasons. Since the spectator quark model is expected to be a good 
approximation for b hadron decays it can be shown that V,b , the cb element of the 

CKM matrix, can be evaluated by combining the measurement of th with the mean 

semileptonic branching ratio for bottom hadrons [ll]. In addition, from a purely 
experimental point of view, the measurement of the inclusive B lifetime is a testing 
ground for the measurement of tbe individual lifetimes of b hadrons. 

We will present here a preliminary measurement of rh based on the analysis by 

the ALEPH collaboration of a sample of 55OOO hadronic Z decays. The aim is to select 
semileptonic b decays by means of the lepton tagging technique described in section 
2.1.1 and then measure the lepton impact parameter with respect to the primary vertex. 
The impact parameters of the lepton tracks am presently measured in ALEPH using the 
TIC (a cylindrical multiwire drift chamber with a precision on the measurement of RI$ 
coordinates of 100 pm ) and theTPC. In the future the use of the MINIVERTEX (a 
microstrip silicon detector) to improve the impact parameter measurement is foreseen. 
Since the best track resolution is obtained in the plane transverse to tbe beam (Re) tbe 
impact parameter projected onto this plane is used. The average position of die cenue of 
the beam spot provides an estimate of the production vertex. This is determined for 
each LEP fill with a precision of 30 pm. The size of the beam spot is 11 pm in the 
vertical and 240 pm in the horizontal direction. In order to define a variable sensitive to 
the lifetime a signed impact parameter is used, as sketched in Fig. 10. The direction of 
the b hadnm is assumed to be equal to the jet direction. If the distance from the primary 
vertex to the point at which the lepton track crosses the jet axis is positive (D>O), then 
the impact parameter 6 is signed positive. The finite track resolution and errors in the b 
hadron direction can yield negative values of 6. Bottom hadron candidates are selected 
searching for leptons having a momentum of at least 5 GeV/c and pr greater than a 
certain cut. Results for pr cuts of 1 and 2 GeV/c will be given. The pt definition and 
jet reconstrution algorithm are the same as in section 2.1.1. 

beam 

Fig. 10 

The number of selected events, as a function of the pr cut and the lepton nature is 

muons electrons 

pr > 1 GeV/c 1162 1139 
pr >ZGeVlc 459 505 . 

The distribution of the impact parameter is skewed to positive values, with a 
mean of 175 pm (140 pm ) for a pr cut of 1 GeV/c (2 GeV/c) . In order to extract 
the inclusive B lifetime, the impact parameter for the selected events is fitted with a 
method close to that used by the MARK II collaboration at PEP. This technique is 
described in detail in Ref. [12]. In the fitting procedure five possible kinds of events are 
considered : primary b decay, secondary b decay (cascade), primary c decay, 
misidentification background (for instance fake muons from punch-through hadrons) 
and decay background (for example.decays in flight of x,K or photon conversions). 
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The probability that a lepton is from each of these sources has been determined as a 
function ofp,pr . Then a fitting function Fi is defmed for event i as 

j=l 

where Pj is the probability density function for each of the five sources (it dcpentls on 

the impact parameter, the error on the impact parameter and, for non-background 
sources, on the lifetimes) and $ is the probability for event i to be from source j 
(calculated, as we have said, as a function of p,pr ). The method to determine the 
probability density functions is described in detail in ref. [ 121. A likelihood function is 
constructed as the product of the fitting functions P for all the events. A maximum 
likelihood fit is pet-formed, leaving one single free parameter, ‘cb . The average charm 
lifetime, 0.68&O. 10 ps. is taken for 7, . The impact parameter distribution is shown in 
Fig. 11 for a pr cut of 2 GeV/c, the result of the fit for each of the five sources is 

superimposed. The b hadron purity is predicted to be about 68% for the I GeV/c cut 
and 75% for the 2 GeV/c cut. The contributions to the systematic error on 7b are 

summarisui here for the wopr cuts (the units are [ps]): 

pr > 1 GeV/c pt > 2 GeVlc 

Lepton source fractions 0.060 0.055 
Misidentification background 0.005 0.005 
Decay background 0.120 0.070 
Prob. density functions 0.075 0.090 
Avetage charm lifetime 0.010 0.010 
Fragmentation hypothesis 0.005 0.005 
TPC field distortions 0.020 0.020 

Total (in quadrature) 0.150 0.119 . 

Since the systematics are lower for pt > 2 GeV/c this cut is used to give the 

preliminary value of the ALEPH measurement of the inclusive B lifetime 

fb = I .29 f 0. I 1 (stat.) f 0.12 (syst.) ps . 

The result for pr > 1 GeVlc is rh = 1.26 f 0.07 (stat.) f 0.15 (syst.) ps . This 
measurement of rb is in agreement with the previous world average [ 131 of 1.13&O. 15 

ps and it has the lowest error when compared to other single experiments. 

Fig. 11 
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Abstract 

Recent experimental results on phow and hadmpmduction of heavy flavor particles are 
reviewed. After a short introduction on the recent advances in the theoretical ideas 
describing the production of heavy flavors, current experimental techniques used in 
heavy flavor search in fixed target experiments an? briefly discussed. New results on 
the production characteristics, production ctoss section and on the A-dependence of the 
open and hidden charm cross section arc presented. 
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1. Introduction 

After more than a decade of experimental studies on heavy flavor particles 
at various high energy laboratories, the subject of production of heavy flavor particles 
has entered into a new era as high statistics samples are now available. Production is 
interesting since it provides a meaningful test of perturbative QCD, provided that the 
mass of the heavy quark is sufficiently high. Understanding of heavy quark production 
is also necessary to predict the production rate for new particles and evaluate the 
background in many rare processes. 

In QCD the lowest order processes are photon-gluon fusion for 
photoproduction [O(a, a,,)], and gluon-gluon fusion and quark-antiquark 
annihilation for hadroproduction [O(4)]. In the last couple of years, there is a major 
bmakmmugh in the theoretical front in that the next-to-leading order calculations [O(aI$ 
aem) and Q(a,31 respectively for photo- and hadroproduction have been completed. 
(11 The results of these calculations indicate that the calculated cross sections are 
larger, by about 30% for photoproduction of charm and by about a factor of three for 
hadroproduction. Lowest-order calculations required a low value for the charm quark 
mass (around 1.2 GeV) to account for the magnitude of the cross section. Calculations 
including the higher order terms can accommodate the data with the mote reasonable 
mass for the charm quark of 1.5 GeV. [2] 

The distributions in xf and p: are not significantly affected by the 

inclusion of higher order terms. There is no large enhancement of the cross section at 
large xf and the xf behavior is consistent with (1 - xf)” for n between 6 and 7.5 for pp 

collisions at 4s from 27.4 to 62 GeV. [3] There is, however, a difference between 
heavy quark and antiquark production which is not present in the lowest order 
calculations. [3,4] 

2. Experimental Techniques 

Production studies are obviously an exclusive domain of hadron machines 
and both the CERN SPS and FNAL Tevatron have an extensive progmmme devoted to 

these studies. While hadron machines have superior luminosity cornpar& to e+e- 
colliders and hence heavy flavor particles are produced abundantly, the production rate 
of heavy flavor particles is small. In fixed target experiments, the ratio of charm 
production cross section to the total inelastic cross section is l/200 in photoproduction 
and l/loo0 in hadroproduction. Beauty cross sections are estimated to be more than 
two orders of magnitudes smaller. The lifetimes of heavy particles are short (from 
about 0.2~s for A, to about 1 ps for D+ and beauty particles) and hence the typical 

decay length is of the order of a few mm. Furthermore, any particular decay mode of 
these particles has only a very small branching fraction and this makes collection of 
high statistics very difficult. 

Earlier experiments in the late 70 s to the early 80 s searched for the 
heavy flavor particles by looking for bumps in the combinatorial mass spectra. Over 
the years, more sophisticated methods have since been developed. The essential 
ingredients for fixed target heavy flavor experiments are high resolution vertex 
detectors to measure the finite decay paths of these particles, combined with a large 
acceptance spectrometer with good momentum resolution and particle identification and 
a selective and efficient trigger scheme and/or fast offline filters to speed up the data 
processing. 

For vertex detection, one can use optical devices (emulsion and bubble 
chambers) or solid state detectors such as silicon microstrip detectors (SMD) or charge- 
coupled devices (CCD). The advantages of optical devices are their superb spatial 
resolution (about Imm) and that they provide a strong topological evidence for a decay. 
Tracks are measured with high efficiency and can be accurately associated with the 
production or decay vertex. Their limitation lies mainly in their limited data rate 
capability and cumbersome scanning procedures. Solid state detectors, on the other 
hand, can be used in fully ekctronics experiments and thus high statistics is possible. 
SMD were first pioneered by the ACCMOR collaboration at CERN (e 

FNA1l) in 1982. They have good spatial resolution and are usable in online mgger (WA82) 
and/or offline filter. They can also be used as an active target in which evolution of the 
charged multiplicity in the target (e.g., due to charm decays) can be measured and the 
primary interaction point can be determined precisely. Using SMD. a photoproduction 
at FNAL, E691 has collected about 10K charm candidates, proving that fixed target 
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experiments can be very competitive with e+e- colliders even in decay studies of 
charm particles. Hadmpraluction experiments, however, are more difficult because of 
the smaller production ratio and the higher muldplicity in each event. Since single- 
sided SMDs are one-dimensional devices, they can lead to ambiguities in track 
reconstrucdon. To help with the pattern recognition, one can use a pixel device such 
aa a CCD which has the striking advantage of pmviding two-dimensional information 
whit good prccidon through one output channel. The disadvantage of the CCD is the 
rather long readout time and the impossibiilty of gadng. Using solid-state devices, 
some of the present generadon of experiments as listed in Table 1 have acquired 
toott than 1K fully teconstructcd charm candidates. 

Since the heavy flavor production cross section is relatively small 
compared to the total cross section, the experiment trigger is important to enrich the 
heavy quark content of a data set. For cross section studies, the trigger should be as 
bias free as possible which unfortunately, is in conflict with the desire to collect a large 
statistics sample. Table 2 stmtmarixes different trigger approaches that have been used 
by experiments. 

A final issue is on particle identification. While particle idendfication is 
not necessary In extracting charm signal in decay modes like D+ -> K’n%+ , using 
particle identification information. the signal to noise rado improved by about a factor 
of three. For rare decay modes and for decays like Ac -> pK-x+ , particle 

idmdfication is important to resolve ambiguities. 

Since there is hanfly any new data on beauty production, only the results 
on photo and hadmproduction of charm are reviewed in the following sections. 

Table 1: 
Recent Heavy Flavor Production Experiments 

Photoproduction of Open Charm 

E691 Fermilab - Tagged Photon Labomtory (TPL) 

Jz687 Fermilab- BrotaIBandBeam 

NA14’ CERN 

I3adqmduction of Open Charm 

E653 Fexmilab - Hybrid Emulsion with x and p 

E769 Fetmilab - Hadrons at TPL 

NA32 CERN - ACCMOR 

WA82 CERN-omega 

y, Hadro and Muo- Production of J& and Y 

3. Photoproduction 
Open Beauty 

With photoproduction of charm, there are four experimentally 
measurable quantities that can be made: the total production cross section, the energy 
dependence of the cross section,and the xf and pr dependence of the cross section. 
These quantities are dependent upon mc and ng, two physics parameters of general 

Es37 
E772 
NMC 
E687 

FermiIab - High Intensity Lab 
Fermilab - Mass Focusing S-m : 
CERN - New Muon Collaboration 
Fexmilab - Broad Band Beam 

WA78 CERN - x- Uranium interactions 
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Table 2: Triggering schemes used by present experiments 

Experiment 

E69 l/E769 

Trigger Charm Enrichment 

Transverse energy modest x2-3 
Et > a few GeV 

NA32 ApairofWp 

of opposite 
charge 

x7forAcandDs 

WA82 Impact Parameter x15 for D+ 
of at least I track 

between 0.1 to lmm 
at primary vertex 

rejection factor 
about 3, less biased 

biased for D decays 
systematic error - 10% 

biased against short 
lifetimes and charmed 
baryons 

interests. Here mc is the charm quark mass and ng is the exp 

parametrization of the gluon structure function. 

Results on photoproduction of charm from E69l have been published.]51 
The new broad band photoproduction experiment at PNAL, E687 , will extend the 
energy range of charm photoproduction. The average photon energy has moved from 
100 GeV from NAM’ at CERN to 145 GeV for E69l and now, to 250 GeV in E687. 

E691 has recently deduced from their production cross section 
measurements a value for mc and ng. ]6] The input to this is the four quantities 
mentioned above and the ratio o(cx)/o(cx) which is found to be bigger than one. This 
is consistent with a string fragmentation type hadronixation (string connection of the c 
quark to a target diquark). Given this and using next-toleading order calculations of 
the total cross section and leading order differential cross section shapes, they then 
performed a maximum likelihood fit to obtain a value of 1.74fo.15 for mc and 
7.1ti.2 for ng. 

4. Hadroproduction 

Hadropmduction is more difficult both theoretically and experimentally 
compared with photoproduction. Because of the large contribution from higher order 
terms, the magnitude of the cross section goes up by factor of 3 compared to the 
lowest order calculations. Moreover, the chatm quark mass may b@e too light for the 
reliable application of perturbative QCD and the theoretical errors arc large and hard to 
estimate. Experimentally, besides the smaller production ratio and the higher 
multiplicity, there are a few open issues making comparison of d?fferent results very 
confusing. In the past, experiments had only limited statistics, typically in a limited 
number of decay modes. The problem is further compounded by the fact that different 
incoming beam particles and different target materials have been used. Thus, to get a 
clear picture, one needs to understand the following: 

I) dependence on the atomic number of the target, 
2) dependence on the incident particle type, 
3) leading particle effects, 
4) strong forward component. 
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By leading particle effect, we mean forward production of charm particles 
which have one or more valence quarks in common with those of the incoming 
projectile. This in xN collisions, the leading mesons, the leading mesons are D‘ and 
DO. Experimentally, based on small statistics, one experiment claimed that them are 

two components in charm meson production: a central one and a forward one with the 
forward component associated with the leading particles.[7] Table 3 is a summary of 
earlier result on charm hadroproduction. Quite a few experiments have claimed the 
existence of a strong forward component (xf M.5) and Table 4 summarizes the results. 
It is worth noting that none of these experiments possessed a precision vertex detector. 
Theoretically, both the leading particle effect and the strong forward component are not 
predicted by QCD calculations including the higha order conections. 

During the last year, results from a few high statistics charm 
hadroproduction experiments have become available. The differential cross section is 
usually paramctrixed as (d2o / dxf dp3 = (I-xf)n e(-bp:) and the value of n and b are 

measured to determine the differential cross section. Table& and 6 summarize the 
results on xf and pfdependence of recent experiments. One can see that with high 

statistics, no large leading particle effect has been observed. In fact both NA32[8] and 
WA82[9] found that the leading particles are slightly more forward than the non-leading 
one but the difference is small. The three experiments using an incoming p beam at 
similar energies got a value of n of about 3.5. However, E653 which used an 
incoming proton beam of 800 GeV measured a value of 1 If2 for n.[ IO] Comparing 
with earlier measurements at lower energy, one CM see that the proton production 
seems increasingly central as the beam energy is increased. This suggests that the 
gluon structure function evolution will be important in interpreting the proton 
production data. New proton data is anticipated from E769 at 250 GeV. Higher 
energy tt- data will be available from the 650 GeV run of E653 and from the new 
FNAL experiment E79l which is the follow on to E769. The proton data from E653 
also shows that the xf distribution is symmetrical around xf = 0. 

Table 3: Earlier Measurements of 
Total Charm Cross Section 

Expt 
NA27 

IntetivXion 
360 ckv n-p 

4OOGevPP 

E743 800 Gev pp 

NA32 200 GeV z-Si 

K-S1 

p Si 

W W  
31.6zt5.4 
30.2k3.3 

CommKlts 
Db. all xf 
Dh all xf 

51fl5 D.6 all xf 

5.l&O.3 D$, xp0. 

1.9 8.O~t~~~fo.5 D,‘D, xf>O. 

I .5M.7iO. I Dp’, xp0. 

BEAUTY Gross section 

WA78 320GeV x-U OgE = 3.lf0.4fl.O nb/nucleon 

NAIO 286 Gev n-W oB5 = 14-176 nb/nucleon 

The pt dependence seems fairly uniform across the range of incoming 

beam energies and incident particle type. However, NA32 observed a difference in 
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Table 4: Summary of Results on Forward Charm Production 

Exprimnt Encqy(GeV) Signal 

BIS-2 <E>=58 

<Eh600 

R608 &=62 

R422 &=62 

WA62 cE>=l35 

nN-&(A%t) 
nN->Do 
nN->D- 

nN->$ 

FP’4 

PP->4 

L-N-,5; 

Cross section 

a.B 2.321.1 pb 
28f14pb 
26i13pb 

7.5&1.9 

150&27i37~b 

SS&.tb 

0.63f0.3pb 

Comment 

xpo.5 
paan 
nucleus 
n=lf0.5 

n=l.5fl.3 

lkxf<O.6 

n=1.7&0.3 
xpo.5 

n=2.3M.3 
xf70.5 

~~0.6 

NA32 230 GeV x- 

Table 5: Recent xf Dependence Results 

Expt 
NA27 

Beam 
360 GeV X- 

Particle n 
AUD 3.8fo.6 

LEADING D l.8#4 

NONLEAD. 7.w; 1: 

AllD 
LEADING D 

NONLEAD. 

4 

“s 

3.74M.23 

3.23$;; 

4.34g; 

3.5uo”:j; 

3.94&g; 

WA82 

E769 

340 GeV x- 

250 GeV II- 

AllD 

D+ 
Do 

3.40m.45 

3.8m.4 
4. HO.6 

NA32 

NA27 

E743 

E653 

230 Gev K- 

400GeVp 

800 GeV p 

800 GeV p 

AllD 

c,c 

c.c- 

C.T 

D.F 

# 3.56&g 

4.9i0.5 

8.6i2.0 

/ ll.ok2.0 
/ 

7.5*;:; 
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Table 6: Recent pt Dependence Results 

Expt Beam F%tiCk 

NA27 36OGeV%- AllD 

NA32 230 GeV x- AllD 

4 
Ds 

WA82 34OGcVr AllD 

E769 250 GeV %- D+ 
Do 

NA32 230 Gev K- 

NA27 

E743 

E653 

400GeVp 

800 GeV p 

800 GeV p 

AUD 

c,c 

c,c- 
GC 
DT 

b (GeV2) 
1.1afo.17 

0.83fo.03 
0.84fo.09 
0.59fo.10 

1.27M.18 

0.98fo.07 
0.95fo.09 

1.36$;; 

l.ofo.1 

0.8fo.2 

l.lfo.2 
0.8ofo. 15 

the value of b between leading and non-kading D mesons. Lending D meson; seem to 
be produced with a larger mean transverse momentum than the non-leading ones. 
Also, the D, mesons are produced with larger mean transverse momentum than the D 

mesons. In fact, a few experiments (WA82 E653 and also NA32) noticed that there is 
a steep dependence for pfc5 GeV2 and a flatter one for larger values. 

The only new data on charmed baryon production comes from 
NA32.[11,12.13] The production characteristics of A, ate : n=3.52f 0.50 and b = 
0.84fo.09 GeV-* similar to the ones of D mesons. No significant difference is 
observed between the production of particle and the antiparticle. 

New results on cotrelation am availabk from E653 and NA32.[14] E653 
has observed 44 charm pairs. The pairs are produced with xf and pt dcpendences 

similar to those of the single particles. The correlation is seen more clearly in the 
azimuthal angle between the two charm particles in a plane transverse to the beam. A 
clear peak is seen at 180” which is what one would expect from the gluon-gkon fusion 
model. In fact, correlation is enhanced for particles where the pair has a large pt or 
high effective mass. The same correlation is enhanced for larger differences in xf of 

the two charmed particles. 

NA32 has all together a total of 642 double chatm events, 584 of which 
are consistent with charm-anticharm production. Azimuthal angle cotrelations have 
been studied for the D and Ds mesons and 4. There is a clear peaking at’1800 for Db 
pairs, less pronounced for 45 combinations and even weaker for D$ events. This 
peaking is only marginally stronger for leading D-mesons. Compared with the fusion 
model, the data from NA32 showed that the peaking at 180” is not as strong as 
pmlicted. However, the higher order processes are expected to reduce this peak. [ 151 

Table 7 summarizes the recent results on the production cross section. 
For some final states, since the branching fraction is not known accurately, only the 
cross section times branching fraction is quoted. A few noteworthy features of these 
results are the near equality of 4 and anti-4 production in a tt- beam and the K- and 
KD production cross section. Another feature is that the total charm cross section for 
800 GeV protons is similar to what one might expect from lower energy II- data when 
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Table 7: Recent Open Chm Cross Section Results distribution in the II and K. 

(linear A dependence assumed) Although all the hadroproduction experiments have assumed linear A 

Expt Beam Particle 

NA32 230 GeV Do 
x- D+ 

AUD 
D*+ 

Particle & mode 
D,--> KKx 

4-a pKx 

“--> pKK*O 

--I- O -->; -X+X+ 
C 

,+ zc --> C+K-x+ 

E653 

230 GeV 
K- 

800 GeV 

P 

Panicle 
AllD 

“, 

CF 

#Events 

543 
249 
792 
147 

Q @b/nucleon) 
(Xf > 0.0) 

6.3f0.3fl.2 
3.2fo.2fo.7 
9.5fo.4il.9 
3.4fo.3ti.a 

60 
147 

3 

uB @1Jnucleon) 
XI67f.01 lf.010 
0.18i.02f.03 

.066 
.ol9Lollf~~ 

0.13ko.084; 

dependence in presenting their cross section mcasummcnts. previous experiments have 
indinxtly measured that the charm cross section to vary as A% with a value of a equal 
to 0.76 for xH.2. Gn the other hand, QCD favors a value of one for a and linear A 
dependence seems to provide reasonable agreement among experiments with different 
target materials. Recently, two experiments, E769 [16] and WA82 provide the fust 
direct measurement of A dependence of open charm. These results, together with the 
high statistics J/v, w’ and Y results from E772 [17] arc presented in Table 8. The 
results indicate that for xp0, an Aa paramctrizuion is quite adequate in describing the 
data with a in the range of 0.9 to 1.0. However, the data is now sufftciently big such 
that the A dependence as a function of xf and pt can be studied. This information is 
useful since carlinmeasurements were done at high xf values and also they can be used 
to check if higher twist effect is important in charm production. [la] 

3 

2 0.012 

# Events ooroB 
31 8.5fl.6fl.2 

4 0.1 lti.O6&0.02 

The very precise new data from E772 on the A dependence of J/w 
production indicate that indeed, a is strongly dependent on xf and pt. They also 
found that q has the same A dependence as the ground state and the value of a for Y 
is larger and the suppression of Y production in heavy nuclear target is significantly 
less than for the lighter charm bound states. This cannot be explained within the 
framework of perturbative QCD and one theoretical explanation which can 
accommodate these observations is the intrinsic charm model. [ 191 

2aaf44 324&12 (all xf) 5. Outlook 

it is extended to all charm final states and aJl xf. This is consistent with a er gluon 

The current situation for charm is that there is a great deal of new data 
being fully reconstructed and made available for analysis. In photopkxiuction, there 
will be new results from NAM’ and E687 which extend the range of photon energies. 
This will help to tie down the QCD parameters. In hadroproduction, the final data 
sample from WA82 will be about five times larger than what they have presented so 
far. These will provide a sample of few thousand fully reconstructed D mesons. The 
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Table 8: Recent A-Dependence Results 

Photoproduction 
E691 yA -> J/y a = 0.93 

I-kdOpdUCtiOn 

WA82 pA -> D’s 
E769 pA --> D+ 

0.89k05f.05 
0.97f.07 

o.cxfco.7 
o.<xfco.5 

pA --> DO 0.92f.08 
JZ772 PA --> J/v. V’ 0.92 O.ayO.6 

pA --> Y(ls) 0.97 

full data set from E769 will provide measurements of the charm kroduction 
characteristics of different beam particles and different target material. ‘Ihis will 
provide detailed information on the A dependence and heam particle dependence. 
Results from E653 will provide the first nsults on x of high heam energy. They will 
also provide a result far the heauty cross section which up till now has heen limited to 
rfewindimct meas mements (hence model dependent) at CBRN with lower energies. 

There are- quite a number of heavy flavor experiments which are at the 
stage of data-taking both at CERN and PNAL. Two experiments at PNAL (E687 and 
B791) will aim for very high statistics (>lOK fully mconstructed charm decays). These 
very high statistics samples will finally allow a detailed study of the charm production 
and one can envisage to extract from the details of the measurement the more 
fundamental physics intetpretation of the results. At CERN. WA89 aims to study , 
among many other things, charmed haryon production using a hyperon heam. 

‘Ihem are two expaiments (B771 and E789) which specifically aim to do 
bphysics at PNAL. Both E791 and E687 will also study bphysics via the cascade 
decays of B to D’s. lltere is a followon experiment to WA82 at CERN and they will 
upgrade the trigger with a fast vertex trigger processor todo b-physics. Since the 
situation is like the search for charm in the early 80 s. it is premature to speculate 
precisely on how well these experiments will he able to do and what their limitations 
are. Sufftcc to say that each has the potential to find a couple hundred fully 
reconstructed beauty decays in a reasonable run. Besides providing a measurement for 
b production, lifetimes and branching ratios. they will also he useful as a R&D effort 
to determine the most appropriate approach to do bphysics in a hadronic machine. 
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WEAK MATRIX ELEMENTS AND THE DETERMINATION OF THE 
WEAK MIXING ANGLES* 

Mark B. WISE 
Charles C. Lauritsen Laboratory of High Energy Physics, California Institute of 
Technology, Pasadena, CA 91125 

In the limit of QCD where heavy quark masses go to infinity new symmetries 
appear which enable-one to predict the hadronic form factors that occur in the 
semileptonic decays B + DM~,, B -+ D’efi, and A* -+ A,e&. These results may 
eventually improve our ability to extract the weak mixing angles from experimen- 
tal data on B and A, decay. 

1. INTRODUCTION 

The main goal of this talk is to review a new method’ for predicting, from 
QCD, the weak matrix elements that are needed to describe the semileptonic 
decays; B -+ DePe,,B + D’ec, and Ab + A,eti,. The method also relates 

B + pe& semileptonic decay to D + pZuc semileptonic decay. Since these 

are exclusive decays involving hadronic states nonperturbative strong interaction 

physics plays a role. The basic idea is to examine QCD in the limit where the 
heavy charm and bottom quark masses to go infinity. In this limit, QCD has new 
symmetries that allow us to get a handle on the nonperturbative strong interaction 

physics that occurs in the semileptonic decays of hadrons containing a single heavy 

quark. 

I will discuss briefly how the results on semileptonic decay matrix elements 
impact the determination of the weak Cabibbo-Kobayashi-Maskawa mixing an- 

gles. These angles parametrize the coupling of the W-bosonsl to the quarks. In 
the standard six-quark model 

d 

L: = -=(r%E,oy,(l - y5)V 
2Jz 0 s W ’ + h.c 

b 

In eq. (1) WJ’ is the W-boson field and 92 is the weak SU(2) gauge coupling. The 

quantity V is a 3 x 3 unitary matrix that arises from diagonalizing the charge 2/3 

* This work supported by the U.S. Dept. of Energy under contract No. DGAC0381- 
ER40050 
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and charge -l/3 quark mass matrices. It can be written in terms of four angles 
&,02,0s and 6. A standard parametrization for V is* 

. 

Cl -SIC3 -S133 

v = SIC* cIc2c3 - s2s@ clC2S3 + S2C& 

Sl32 ClSZC3 + C2Sfe i6 ClS2S3 - QCje i6 
(2) 

where c, E cos.0, and si E sine, for i = 1,2,3. Without loss of generality the 

angles f&,82 and 0s can be chosen to lie on the first quadrant where their sines 
and cosines are positive. Then the quadrant of 6 has physical significance and 
cannot be fixed by convention. In the minimal standard model it is the angle 

6 which occurs in the phase that is responsible for the CP violation observed in 
kaon decays. Experimental information on &meson decays, hyperon and kaon 

decays and nuclear /3 decay imply that the angles 6’i,82 and 0s are small. From 
eqs. (1) and (2) it is evident that 6’1 is essentially the Cabibbo angle, the linear 

combination (93 + s2e’6) determines the strength of the b + c coupling and the 
product srss determines the strength of the b ---) u weak coupling. 

In the minimal standard model the quarks get mass through Yukawa couplings 

to a Higgs doublet. The Yukawa coupling constants and hence the values of the 
quark masses and mixing angles are fundamental quantities whose values must 
be determined by experiment. While there is a feeling in the particle physics 
community that one should be able to predict the quark mixing angles and masses, 

this lies beyond the scope of the minimal standard model. 

2. EFFECTIVE THEORY FOR HEAVY QUARKS 

We are interested in the interaction of a heavy quark & with light degrees 

of freedom (quarks and gluons) when the light degrees of freedom carry a four- 

momentum much less than mu. For such a situation it is appropriate to take 

the limit of QCD where rnQ + o ,with the four-velocity of the heavy quark 
uc 4 p’ /mQ fixed. The four-momentum of the light degrees of freedom are ne- Q 
glected compared with mQ. In this limit creation of heavy quark-antiquark pairs 

is suppressed. The heavy quark simply travels in a straight worldline undeflected 
by its interactions with gluons. 

It is easy to derive the Feynman rules for this effective theory by taking the 
limit of the usual Feynman rules for QCD. In QCD the propagator for the heavy 

quark is 

i(#Q + mQ) 
p$-rni (3) 

For the heavy quark four-momentum we write 

Pq=mQv+k (4) 

where k is a residual four-momentum that we shall neglect compared with mQ. 

Putting eq. (4) into eq. (3) and using u2 = 1 the propagator becomes 

iv + 1) 
2~. k (5) 

where terms of order (k/mQ) have been neglected. Eventually the f will stand 
next to the heavy quark field Q. S ince #Q = Q the propagator (5) finally becomes 

i 
-. 
v.k (6) 

In QCD the vertex for a gluon with four-momentum k interacting with a heavy 
quark is 

ig T” yr (7) 

with g is the strong coupling constant and T” a color SU(3) generator. Since 
the heavy quark remains approximately on-shell as it propagates the -rr in eq. 
(7) is essentially sandwiched between on-shell spinors. Applying the Gordon 

decomposition and neglecting terms of order k/mQ the gluon vertex becomes 

ig T” v,, (8) 

These Feynman rules are a consequence of the Lagrangian density3z4 

L = i& v’D,Q 

where D, is a covariant derivative and Q is the field for a heavy quark with four- 
velocity u. In eq. (9) the heavy quark field has been resealed by the factor e‘m”.r 
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so that the derivative produces a factor of the residual momentum. In the effective 
theory, the coupling of the heavy quark to gluons is independent of its mass and 
spin. It does, however, depend on the heavy quark’s four-velocity. Note that the 
effective theory is not a nonrelativistic description of the interactions of the heavy 
quark.,The four-velocity u can have spatial components of order unity. 

This effective theory has symmetr ies not manifest in QCD’. Since the in- 
teractions of heavy quarks are independent of their masses if there are N heavy 
flavors Q; j = l,... N then the theory has a SU(N) flavor symmetry (actually 
SU(N)xU(l)). At this point it is worth reviewing the flavor symmetr ies that 
occur in nature. The six-quarks u,d,s, c, b,t naturally break into two groups of 

three. The light u,d and s quarks have masses that are less than the QCD scale 

(m. u 0.005 GeV, md  2: 0.01 GeV, m., N 0.15 GeV). This gives rise to an approx- 
imate SU(3) flavor symmetry of QCD. The flavor symmetry arises not because 
the light quark mssses are almost equal, but rather because the quark masses 

are small compared with the QCD scale, AQCD. It is important to understand 
the origin of this symmetry. For example, even though the pion and kaon are 
in the same multiplet of this symmetry group it is a mistake to use it to deduce 

that the pion and kaon masses are almost equal (recall m, N 0.14 GeV, rnK N 
0.49 GeV). The pion and kaon are pseudoGoldstone bosons; their masses go to 
zero as the light quark masses go to zero. One should apply the SU(3) (light 

quark) flavor symmetry to quantities which go to a constant as the light quark 

masses go to zero. For example, a legitimate application would be to deduce 

that the proton and cascade are almost degenerate. The remaining three quarks 
c, b,t have masses large compared with the QCD scale (m, N 1.8 GeV, mb  u 5.2 

GeV, mt 2 90 GeV). W e  have just seen that this implies a second SU(3) flavor 
symmetry of nature. The heavy quark flavor symmetry arises not because the 
heavy quarks are almost degenerate but rather because their masses are all large 

compared with the QCD scale. Again, it is important to understand the physical 

origin of the symmetry. For example, it would be a mistake to use the heavy 
flavor SU(3) symmetry to deduce that the k? and D mesons should have the same 

mass (experimentally rnB N 5.3 GeV, mg  ‘v 1.9 GeV). These are quantities which 
go to infinity as the heavy quark masses go to infinity. The heavy quark flavor 
symmetry should be applied to relate quantities which go to a constant as the 

heavy quark masses go to infinity. 

Since the strange quark mass is not very small compared with AQCD there 
are sizable corrections (typically N 30 %) to the predictions of light quark flavor 
symmetry. Similarly, the charm quark mass is not extremely large compared with 
the QCD scale so we can expect sizable corrections to the predictions of heavy 
quark flavor symmetry. 

The effective theory for the interaction of a heavy quark Q  with light quarks 
and gluons has an SU(2) symmetry generated by the spin SQ of the heavy quark .l 

This spin symmetry has important experimental consequences. Consider the low- 
lying mesons with Q,Q flavor quantum numbers (Q) is a heavy quark of flavor j.) 
Both the spin of the heavy quark ,!?Q, and the spin of the light degrees of freedom 
.fl = s’ - SQ, are good quantum numbers. States of total spin S are made from 

combining SQ, = l/2 with St. Since the dynamics are completely independent of 
SQ, the spectrum will consist of degenerate multiplets related by the spin of the 

heavy quark. The lowest lying mesons with Q;Q flavor quantum numbers have 
St = l/2 (this is a dynamical assumption about QCD that is consistent with the 

observed spectrum) and so we get degenerate S = 0 and S = 1 states denoted by 
Pj and P,‘. The Pj and P,’ states (at rest with S3 = 0) are 

IPI) = 5  {Itl) - Ilt)} 

I<) = 5  {Ito + Ilt)l 

in a notation where the first arrow refers to S& and the secpnd arrow refers to 
Sj. The spin of the heavy quark relates these mesons 

s& 14) = ; lp,‘> . 

Experimentally rng. - mg  210.14 GeV. The fact that this mass splitting (which 
arises from a I/m, correction to the Lagrangian density in eq. (9)‘) is small 
compared with the QCD scale lends support to the point of view that the charm 
quark mass is large enough to apply the heavy quark spin and flavor symmetr ies 
discussed above. 
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The heavy quark spin and flavor symmetries of the effective theory endow us 
with considerable predictive power. Consider, for example, the matrix element 

(P~(v”)l41rpQ,lP,(~‘)) /Jm = j+(u + v’)p + i-(v - u’)p (14 

In kq. (12) we have used the conventional normalization of meson states which 

contains a factor of the mass of the state. Because of this normalization it is the 

matrix element divided by ,/m (as appears on the 1.h.s. of eq. (12)) that is 
independent of the heavy quark masses. We have chosen to label the meson states 
by their velocity rather than by their momentum. This is convenient because the 

heavy quark flavor symmetry relates states of the same velocity but different mass 
and hence different momentum. On the right- hand side of eq. (12) i+ and i- 

are Lorentz invariant form factors which are functions of u. 0’. We have put a 

tilde over them since eq. (12) is not the usual definition for the form factors. 

Conventionally, one writes (pp = mp,u,,pL = mp,$) 

(W’)l’%rrQtIJW) = f+(p + p’),, + f-(p - p’)r (13) 

Comparing eqs. (12) and (13) g’ Ives the following relationship between f* and f+ 

In a transition where Q, with four-velocity o is changed by the action of the 
current into Q, with four-velocity U’ the heavy quark fields satisfy 

$Q, =Q, ; Q,$ = 0,. (15) 

This implies that 

j-=0. (16~) 

When v = Y’ the operator QlrsQ, is related to a generator of the heavy quark 
flavor symmetry. Since the action of the generators on the states is fixed its matrix 

element is known. This yields 

j+(l) = 1 (166) 

Note that eqs. (16a) and (16b) are not the same as what would be obtained from 
an “ordinary” manifest flavor symmetry which predicts6 f- = 0 and j+(l) = 1 

(eqs. (16) do reduce to this when mQ, N mQ]). 

It is appropriate to use the effective theory to calculate the matrix element 
(12). Initially, the light antiquark and gluons carry a four-momentum of order 

AQCDU and finally they carry a four-momentum of order AQCDV'. So even though 

the total momentum transfer squared 

f = (p’ - p)2 = rn$, + rn& - 2mp,mp,v. v’ (17) 

is large the momentum transfer squared felt by the light degrees of freedom is 

only of order 

A&D tJ.21'. (18) 

The heavy quark spin symmetry can be used to determine other matrix elements 

which involve P, -+ P,* transitions. Consider 

(P;(v”,c)lQ,rrc~5Q,IP,(~)) I,/- = it; + h+(c* v)(v + u’)r 
+ ii-(6’ u)(u - U’)# ) (19) 

(PJ(C’, ~)l~,r,QtlE(~)) l,/XGGf = i&op ~*Y~~o~6 . (20) 

The Lorentz invariant form factors j,Z+,i- and i are functions of v Y’. These 

form factors can be related to f+ using the spin symmetry. For example, 

(P~(~)lQ~r3QtlPi(3) $ 

= 2 (S~,P~(B,0)14,73Q,lP,(i;)) , 

= 2 (p;(~,o)l[S~,,~~~3Q,lIP,(u3) > 
(21) 

Other relations of this type, eq. (21), eqe. (15) and eqs. (16) allow us to express 
all the form factors j*,&, i,i in terms of a single function E(u . u’) normalized 
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at threshold (u = u’) to unity. Explicitly’ 

. 

j+=C(u.u’) , j-=0 Pa) 
f = [l + u . u’]t(u. II)) (22b) 
j = ((u . u’) PC) 

(ci++L)=O , (Ii+ - a-) =  -((u. u’) . (22d) 

(See refs. 7 and 8 for a simpler method of deriving these relations.) In the 

case Q, = b Qr = c these are the form factors relevant for the semileptonic decays 
B -+ De& and B + D’efi,. W e  have seen that in the effective theory all the form 

factors for these decays are determined at threshold (where in the rest frame of the 

decaying B meson the final D or L?’ meson is also at rest). Away from threshold 
their shape is determined in terms of a single function t(u. u’). However, these 

results are true in the effective theory; what precisely is the relationship between 
the full theory of QCD and the effective theory? 

3. RELATIONSHIP BETWEEN QCD AND THE EFFECTIVE THEORY 

Consider the vector current Qry,,Q,. In QCD this operator does not require 
renormalization since it is a partially conserved current. However, at one loop 
its matrix elements (e.g., those considered in the previous section) do involve 
logarithms of the heavy quark masses (divided by a typical momentum of the 

light degrees of freedom). In the effective theory these finite logarithms become 
ultraviolet divergences, since the heavy quark masses are taken to infinity. In 
the effective theory the vector current g,y,Q, requires renormalization and it 

has dependence on the subtraction point p. The relationship between the vector 
current in QCD and the vector current in the effective theory is (no sum on i and 

j) 

&j~pQt = qJ21YeQr + ... (23) 

where the ellipsis denotes other possible Lorentz structures (e.g., &,Q,u, and 
Q,Q,uL) and higher dimension operators. Their effects are suppressed hy the 

QCD fine structure constant evaluated at a heavy quark mass scale or by powers 

of hqcD/mq, and AQcD/mQ,. The coefficient C,i has been determined, in the 

leading logarithmic approximation. For mQ, 2 mQ, >> ps*’ 

C,&) = [2$-y [*IaL (24) 

Here 

where Nf is the number of quark flavors which contribute to the beta function in 

the momentum interval between mQ, and mQ,, and 

UL = 
8(u. u’r(u u’) - l] 

33 - 2N; (26) 

with N; is the number of quark flavors appropriate to the momentum interval 

between mQ, and p. In eq. (26) 

p(“.u’) = +d+~~) (27) 

At ‘v = u’ the operator Q,y,,Q, is related to a generator of heavy quark flavor 

symmetry and it should not be renormalized. Indeed, we see from eqs. (24), 
(26) and (27) that, since r(l) = l,C,,(p) is independent of p for t, = u’. The 

relationship between the axial current in QCD and in the effective theory has the 
same form (this is ensured by the spin symmetries) 

f&wsQs = C&,y,ysQ, + 

with C,,‘the same as occurs in eq. (23). Therefore in QCD the form factors 
f*, iL&, f and G, are given by making the replacement 

(29) 

in eqs. (22). 
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Note that, because the currents require renormalization in the effective theory, 
the function < depends on the subtraction point p. This dependence cancels that 

of Cli so that the form factors (which are physical quantities) are subtraction 
point independent. For /I of order the QCD scale t contains no large logarithms 
and it is expected to have a slope at threshold of order unity. On the other hand, 

for ;ery large heavy quark masses the dependence of C,, on u u’ is rapid. It 

follows that for very large heavy quark masses, in the region near threshold, the 
dependence of < on u .u’ can be neglected (i.e., [ can be set to unity) and it is C,, 

that determines the shape of the form factors. In the physical case Q, = b, Qj = c 
(relevant for semileptonic B decay) this is not likely to be a good approximation. 

For i? -+ De6, decay over the whole available phase space, u’u’ = 1 to U.D’ = 1.6, 
the function Cj, decreases by only about 10% (for CY~(/I) = 1). 

4. WEAK MIXING ANGLES 

There are several approaches available to determine the magnitude of the 

Cabibbo-Kobayashi-Makawa matrix elements Vb, and Vb,. Since the &quark 
is heavy compared to the QCD scale inclusive semileptonic B meson decay can 
be approximated by &quark decay. Corrections to this picture are presumably 

suppressed by factors of AQCD/mb. The &quark decay either proceeds through 
the b + c or b + u W-boson couplings. So 

(30) 

where 

r( b + ccc,) = ‘“~~~m’g(m,/mg) , (31a) 

r(b -8 uei;,) = ‘“;$‘zmi . @lb) 

In eq. (31) 9 is a function that takes into account the effects of the charm quark 
mass; it is about equal to one-half. Experimentally the b -+ c transition dominates 
the rate. From the measured B-meson lifetime TB N lo-r2 set and semileptonic 

branching ratio (- 10%) eq. (31a) implies (for rnb = 5.2 GeV) 

p&1* N 0.2 x 10-z . (32) 

Because eq. (31a) is proportional to rni it is very sensitive to the value of the 
b-quark mass. If we had used m) = 4.7 GeV then value of IV&j2 would increase 

by 60% over what is given in eq. (32). 

Another approach to determining mixing angles is to use predictions for par- 
ticular final states. Experimentally, the rate for semileptonic B decay is dominated 
by two processes; B -+ De+, and B + D’efi,. The rates for these processes are 
determined by the magnitude of Vk and by the matrix elements 

(33Q) 

Wb) 

(33c) 

The matrix elements of eqs. (33) involve nonperturbative strong interaction 
physics. Despite this, we have seen in the previous two sections that the form fac- 

tors that characterize these matrix elements are determined at threshold (where 
u = u’) and that they have a shape determined by a single function of u . u’. 
(In principle the shape can be measured.) These predictions are enough to ex- 
tract the magnitude of Vcb from data on the exclusive B semileptonic decays. (At 

present the data is not good enough for this method to be superior to that based 
on the inclusive decay rate.) The weakest feature of this approach is treating the 

charm quark as very heavy. Perturbative corrections of order o,(m,)/s have been 
computedss10 and they are not large. Recently the AQcD/m, corrections have 

been characterized.” These involve the matrix elements of new operators that 
are not computable without relying on numerical lattice Monte Carlo methods. 
However, at threshold there are no hQcD/mc corrections to the form factor f. 

This should eventually allow a very accurate determination of lvcbl from experi- 

mental data on B --t D*e&. 

In Z” decays at LEP many Ab baryons will be produced. This state has 
St = 0. The form factors for the semileptonic decay Ab --t A,efi, can be predicted 
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using the heavy quark spin and flavor symmetries. Writing 

(h,(v”,s’)‘cy,b’Ab(v’,s)) = U(G’,s’) F,-yp + F2up + F3t$ ~(6,s) 1 (34) 

and. 

(A,(v”,s’)‘~y,rsb’Ab(v’,,)) = -( 11  c’, ~‘1 [ Gr,i~s + GZU,-YS + GU;YS I u(C s) (35) 

the heavy quark spin and flavor symmetr ies imply that the six Lorentz invariant 

form factors G1, Gz, Gs, 4, F2 and F3 can be expressed in terms of a single func- 
tion q(u.u’) normalized to unity at threshold (i.e., ~(1) = 1). Explicitly’* (baryon 

. states are normalized to Eg/mg) 

F, =G1 = [$$I” [+]“q(u-u’) 

Fz  = F3 = Gz = GB = 0 . Wb)  

The hQcD/rn, corrections to these form factors have also been characterized.” 
Amazingly these introduce no new functions of u. u’ but only add pieces to (36) 
proportional to i/m,, where i = rnhb - mb  = rnh, - m,. This decay may 
eventually also play a role in determining I&,[. 

Although the b + u coupling is responsible for only a small fraction of the 
semileptonic B decays, it is possible to isolate this contribution (without recon- 

structing hadronic final states) by examining the electron spectrum 

(37) 

Kinematically, the production of final hadronic states X with mass rnx is forbid- 
den for electron energies greater than 

The lowest mass particle containing a charm quark is the D meson with a  mass 

of 1.9 GeV. So by examining the endpoint region E, > 2.3 GeV one is sure to be  
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focussing on the b --+ u contribution. What is needed is a method for normalizing 
the electron spectrum in this region. Unfortunately, one cannot justify the use 
of the free quark decay picture for the production of low mass hadronic final 

states” (e.g., p and r). The heavy flavor symmetr ies allow another approach to 
determining I&,1. The heavy flavor symmetry plus ordinary isospin symmetry 

implies, for example, that’v13 

(~(6 ~)Iwti(l- r5)blWJ ) = (z)“’ [ # ] -6’25 (3g) 

Eq. (39) is valid (in the rest frame of the i? and D) for light four-momenta k small 
compared with the heavy quark masses. Since in Cabibbo suppressed semileptonic 
decay D -+ p?v, the weak mixing angles are known the right hand side of eq. (39) 
can be determined experimentally. With this information experimental data on 

i!# -+ pefi, will allow a determination of I&l. If one uses light quark SU(3) 
flavor symmetry, instead of isospin symmetry, then the decay D -+ K*hc can be 
used for the r.h.s of eq. (39). The form factors for this decay have already been 
measured.14 Again, the weakest feature of this program is the neglect of AQcD/m, 
corrections. Considerable theoretical and experimental effort will be required to 
assess the accuracy of this method. 
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:  

Recen t  Resu l ts  f r om C L E O  I a n d  A  G l a nce  at  C L E O  II Da t a  

Yu i ch i  K u b o t a  
Un ivers i ty  o f  M i nneso t a ,  M i nneapo l i s ,  M N  5 5 4 5 5  

Abs t rac t  

W e  p r e sen t  h i gh l i gh ts  o f  resu l ts  b a s e d  o n  4 2 8  p b - ’ o f  e + e -  
ann i h i l a t i on  d a t a  t a ken  w i th  t he  C L E O  I de tec to r  a t  C E S R  (Co rne l l  
E l ec t r on  S t o r a g e  R ing ) .  M e a s u r i n g  t he  b r a n c h i n g  f rac t ions fo r  
B - - + D ’l- i a n d  k ?“+ D + l - V  w e  es t imate  that  IVbc l - 0 . 040 .  T h e  
ra t i o  o f  sem i l ep ton i c  w id ths  fo r  f ina l  s ta tes w i th  vec to r  a n d  
p seudo - s ca l a r  D  m e s o n s  a r e  d e t e rm i n e d  to  b e  2 .6k1 .1 ,  a n d  t he  
ra t i o  o f  B -  a n d  i o  l i fet imes, z (B- ) /T (  ~ “) = 0 . 89 f 0 . 1 9~0 . 13 .  W e  
h a v e  o b s e r v e d  t he  d e c a y  D& j l +v ,  wh i c h  l e a ds  to  a  de t e rm i na t i o n  
o f  a bso l u t e  0 :  d e c a y  b r a n c h i n g  f ract ions.  T h e  asymmet r y  w e  
h a v e  o b s e r v e d  i n  t he  d e c a y  A Z  - +  A n +  demons t r a t e s  a  v io la t i on  o f  
pa r i ty  conse r va t i o n  i n  t he  w e a k  d e c a y  of  a  c h a r m e d  par t ic le .  T h e  
C L E O  II de tec to r  s ta r ted  o p e r a t i o n  i n  t he  fal l  o f  1 9 8 9 .  W e  r epo r t  
o n  t he  p e r f o r m a n c e  of  its CsI ca lo r imete r .  

I. I n t r oduc t i on  

T h e  e + e -  ann i h i l a t i on  d a t a  u s e d  i n  t he  ana l y ses  w e  r epo r t  
h e r e  w e r e  co l l ec ted  w i th  t he  C L E O  I de tec to r  i n  1 9 8 7  at  Co r ne l l  
E l ec t r on  S t o r a g e  R i n g  (CESR ) .  2 1 2  pb - l  o f  t he  d a t a  w e r e  t a ken  o n  
t he  Y ( 4 S )  r e s onance ,  1 0 2  p b - ’ o f  t he  da ta ,  a t  a n  e n e r g y  b e l o w  t he  
Y ( 4S ) ,  a n d  1 1 6  p b ‘l o f  t he  da ta ,  o n  t he  Y ( 5 S )  r e s onance . ’ In  B  
phys ics  ana l yses ,  t he  f o rme r  two  sets o f  d a t a  a r e  used .  I T h e  
s e c o n d  set  is u s e d  to  es t imate  t he  con t r i bu t i on  o f  c o n t i n u um  e + e -  
ann i h i l a t i ons  i n  t he  first. In  t he  o t h e r  ana l yses ,  a l l  t h r e e  sets a r e  
used .  

@  Y . Kubo t a  1 9 9 1  
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The CLEO detector1 went through a major upgrade in its 
tracking system. The main drift chamber consists of 51 layers of 
wires, 11 of which are stereo, and cathode pads on the inner and 
outer walls. It measures the specific ionization of particles to a ’ 
6.5% accuracy.2 Inside the main chamber is a IO-layer vertex 
chamber with cathode pads. The innermost chamber provides 
additional three layers of tracking with straw tubes.3 The 
momentum resolution using the whole system is (&p/p)* = 
(0.23%p)* + (0.7%)*, where p is in GeV/c. 

One of the most recent results in B physics is the 
measurements of the branching fractions for the decay 
B-+D”l-i and ~‘-tD+l-V. We  discuss these measurements as 
well as their implications in Chapter II. We  have observed the 
decay D&l+v, which al lows us to calculate the branching 
fractions of 0: decays, as reported in Chapter 111. In Chapter IV, 
we describe the observation of a non-zero helicity polarization of 
the A in the decay AZ -rArr’ , which demonstrates a violation of 
parity conservation in the weak decay of a charmed particle. 
Finally, in Chapter V, we demonstrate the high performance of 
the CsI-crystal calorimeter. 

II. B-+Di-34 

QCD effects in semileptonic B decays can be summarized in 
terms of form factors, and are easier to understand than hadronic 
decays. We  calculate the Kobayashi-Maskawa matrix element 
Vet, in a way similar to the way Vud and V,s were measured 
using pseudo-scalar meson decays. 5 The differential decay rates 
as functions of momentum transfer, q*, lepton momentum, pr. 
and the polarization of the charmed meson (if it is a D*) would 
provide constraints on the form factors which have been 
estimated by various models.6.7Jt 

We  present the first measurements of the J exclusi e 
branching fractions B(B--+D’l-iS) and B(B-+D*‘l-ii) and a new 
measurement of B( i’+D+l-7). Using the average of 
B(B-+D’l-i) and B( ~‘-tD+l-T) we calculate IVbel. Then 
combining B( p+D*+l-T)g with the current results, we derive 
the lifetime ratio of the B- and i”, .r-/ro, and the ratio of vector 
meson (DC) and pseudo-scalar meson (D) productions in the 
semileptonic B decay. 

We  search for the decays D’+K-x+ and D’+K-n’rr+ in 
events with at least one lepton candidate. Figure 1 shows the 
K-xi and K-n+n’invariant mass distributions in Y(4S) and 
cont inuum samples. Existence of the Do and D+ in these events is 
evident. Many processes contribute to these signals. They are: 

(a) B+Dl vdecays. 
(b) B+D*l {decays, where we ignore x ‘s or y’s from D * 

decays. 
(c) B+D’*l vdecays or B+D(*)Xl vdecays, where X=&s. 

Since we cannot distinguish these two, we consider 
them together. 

(d) Y(4S)+B”Bo, i’+DX and B’+mixing-+ 2+1-X; or 
Y(4S)+ 6B. i+DX and B+6X fol lowed by &l-X. The 
latter contributes many fewer events. 

(e) lepton candidates are misidentif ied hadrons (fake 
Ieptons). 

(0 cont inuum contribution. 
The cont inuum contribution (f) is reduced using a difference in 
event shapes between BB and cont inuum events. We  require 
that the ratio of Fox-Wolfram moments R2 be less than 0.4. With 
this cut only 5% of spherical BB events are lost while’ 55% of the 
cont inuum events are rejected. The remaining cont inuum 
contribution is removed statistically by subtracting properly 
scaled cont inuum data from the Y(4S) data. Fake lepton 
contribution (e) is subtracted using hadron misidentification 
probabil ity and the number of events which have D and potential 
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Figure 1. Invariant mass distributions for D  candidates in events 
containing identified leptons. The histograms show 
scaled cont inuum data. The solid lines are the fits to 
the spectra. 

I- candidates (t racks which satisfy the same fiducial volume 
requirement that lepton candidates are subject to). The hadron 
misidentification probabil ity is calculated using a lepton poor 
Y(lS) decay sample, as well as a sample of A’S and protons from 
e and A decays which are identified using their separate 
secondary vert ices. 

Since B’pmixing is the major source of (d). knowing the 
mixing ratetu we can calculate its relative contributions to DI- 
and Dl+ final states [the latter state results from process (d) if B 
does not mix]. By counting the number of Dl+ candidates ]which 
are mostly from process (d)], we can, therefore, estimate** the 
number of Dl- due to this process (d). Before we subtract this 
background, we attempt to reduce it using its difference in 
kinematics from signal processes we are interested in, namely, 
processes (a-c). Since while D  and I- tend to be in the opposite 
hemisphere in the processes (a-c), there is no direction 
correlation between the two particles in the background process 
(d). Therefore, we require that the angle between the D  and I- , 
eDI- satisfy COS~DI-~0. We remove the remaining contribution 
from process (d) in our sample by subtracting the proper ly scaled 
Dl+ sample. 

We use distributions of the missing mass squared (MM) of 
the system recoil ing against Dl- (the mass of X for: the decay 
B+Dl-X), in order to distinguish var ious contributions. As seen in 
Figure 2, the distributions of those candidates from, (a-c) will 
center around MM=O, whereas the one from (d) extends to large 
negative values. We obtain the Dl- yield in a given’ MM interval 
by plotting K-x+(K+) invariant mass distributions for 
combinations whose MM falls in that interval. Then we fit them 
with a Gaussian representing the D  signal and a polynomial 
background. Figure 3 shows MM distributions obtained in this 
way for D+l-and D’l- candidates. When we subtract the 
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contribution of process (d), we use the shape of the MM 
distribution from Monte Carlo simulation of mixed events, and 
the normalization determined from the number of Dl+ 
combinations in order to improve the bin-to-bin statistical 
fluctuation of subtraction. The MM distributions after the 
subtraction are shown in Figure 4 for D+l-and Dole. 

In order to distiguish among processes (a-c), we utilize the 
differences in the D momentum spectra and MM distributions 
expected for them. The predictions by ISGWe are shown in 
Figure 5. The form factors are such that process (a) gives hard D 
spectrum (80% of D’s have momenta above 1.5 GeV/c). whereas 
that from (b-c) is somewhat softer (only 50% of D’s fall in the 
same momentum range). The predictions of other models7** are 
very similar. The MM distribution from (a) centers almost 
exactly at zero with a width of about 0.3 (GeV@)*.tz The MM 
distribution from (b) centers at 0.3 (GeV/c2)2 above (a), and that 
from (c) centers at 1 (GeV/cz)* and extends above 2 (GeV/c*)*. 
In order to fully utilize these two variables, we make two MM 
distributions for D+i (and two for Dole): one with D  momenta 
above 1.5 GeV/c; and the other below 1.5 GeV/c. We  fit each MM 
distribution to the sum of the MM distributions predicted for the 
processes (a-c): 

F(MM)=AD FD (MM)+AD*FD*(MM)+AD’*F~+L(MM), 

where AD, AD* and AD** are the number of the D, D* and Da*. 
The functions FD, FD* and FD** are normalized so that their 
integrals are unity. For each of the processes (a-c) we constrain 
the ratio of its contributions to high and low D momentum 
samples to the value ISGWe model predicts. Furthermore, the 
contribution of i’+D*+l-F is constrained using its measured 
branching fraction.9 The results of the fits are shown in Figure 4 
by a solid line along with the contribution from each process. 

Mtssing Moss Squqrcd iGcV2/c’) 

Figure 4. Missing mass squared distributions aftei subtracting 
the contribution from process where the D comes from 
one B and the lepton comes from the other B. The fits 
to the distributions in solid curve (higher one), as well 
as various components are displayed. B+DI-V (solid 
line), i+D*l-V, D+DX (dashed line), i-tD**L-7, 
D**+DX (dotted line). 
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Figure 5. Momentum distribution of D's in semileptonic B decays, 
as predicted by ISGW model (Ref. 6) and CLEO detector 
simulation. The decay modes shown are B-+Dl-i 
(solid line), B+D*1-T,D+DX (dashed line), i-+D**l-V, 
D**+DX (dotted line). 

Since the sample with D + momenta below 1.5 GeV/c Iis 
dominated by already-measured D * ' I- F decays9 (D * 'I- V decay 
does not feed into this mode) and, furthermore, the D' signal in 
that sample is statistically very weak due to a large combinatoric 
background, we do not use it. 

Fitting the Do data alone yields the following number of Do's 
for processes (a)-(c): 

ADO= 42 f 14, Ao’(D’) = 218 rt 35, and AD**(D’) =‘79 f 29 

in the entire Do momentum range, while fitting the D+ data alone 
gives 

AD+= 54f 18,and AD**(D+)= 27k 17 

in the D+ momentum range above 1.5 GeV/c. AD* is fixed using 
the B( i"+D*+ldY).9 

If we impose in the fit an isospin symmetry constraint (the 
ratios of D'l-i and Of-T rates are the same for the i” and B- 

decays): 

we obtain 

l-( S--a*+i~) ~-(B---sD*~~--$ o 

r( t%D+i---) = I-(B-+D"l-i) ' 

ADO= 39 f 14, Ao*(D') = 220 f 25, and AD**(D') = 79 f 28; and 
AD+= 54 f 18, and Ao**(D+) = 27 f 16. 

Furthermore, 

l-( $-+D*+iT) I-(B--+D*'l-i) I 

l-( &+D+i==) = I-@-+D'li<) 
= 2.6 f 1.1. 

The fit gives a chi-squared per degree of freedom, xz/DF, of 0.5. 
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The branching fractions B($-+D+I<) and B(B-+D”l-%) can 
be calculated by 

B(ii”+D+rT) = AD+ 
2bf+W+FFs&x 

, and 

B(B-+D”I-7) = AD’ 
2N4sfooED°FFs ’ 

where 2N4s = Ng = 480.000 is the total number of B mesons, f+- 
and foe are the fractions of Y(4S) decays to B+B- and BOB’, &DI is 
the efficiency for detecting the D in a semileptonic B decay, ~1 is 
the efficiency for finding a lepton with momentum pl> 1.4 GeV/c 
(62% for electrons and 41% for muons,) ES is the lepton 
momentum acceptance, and &x is the fraction of the D+ in the 
momentum range above 1.5 GeV/c. We  obtain 

B($‘+D+I-i) = (1.8 f 0.6 f 0.3)9 , and 
00 

B(B--+D”l-i) = (1.6 f 0.6 f 0.3)3. + 

The former result agrees well with ARGUS result of 
(1 .6f0.5*0.5)(0.5/fo,)%. The systematic errors are dominated by 
the uncertainties in the background estimate in the fit and the 

contribution of p+D*‘l-7. 

We  obtain the branching fraction B(B--+D*“l-7) from 

Ao*(D’) after subtracting the contribution from i’+D*+f-V (87 
events). We  find 

B(B--+D*‘f-7) = (4.1 * 0.8 f o.9 f+- o. o.8)q 

Note that this result is not statistically independent from! the 
previous two due to the isospin symmetry constraint we have 
introduced. 

We  calculate the rate for i?+DI-T using r( i+DI-V) = 

B(i+DrY)/r(B). Since we do not know the lifetime of charged 
and neutral B  mesons individually, we use the lifetime measured 
at higher energy e+e- coll iders for an unknown mixture of 
various b-flavored particles, and assign 20% error to account for 
the uncertainty in this procedure. For B(i+Dl-i ) we use the 

average of B($+D+I<) and B(B-+D”l-F) assuming f+ =foo=0.5. 

The final result is only weakly dependent on the values of f+- 
and foe since when one branching fraction increases, the other 
decreases. We  obtain 

I-(LDl-v) = 
B(i+DrY) 

r(B) 
= (1.5*0.4*0.4)x10’%-‘. 

This result implies that IVhcl=0.037f0.005 in the ISGW model and 
lVhcl=0.043f0.006 in the WSB7 and KS8 models. As our final 
result we average these two values (in the absence of a better 
way) and obtain lV~cl=0.040f0.006f0.006. The systematic error 
reflects the difference among the models. This agrees well with 
the result obtained from B(~“+D*~mV) of (0.039kO.004). 

As noted above, we obtain the ratio of semileptonic widths 
for final states with vector and pseudo-scalar D  mesons, 

I-( i%D*+l-T) I-(B--+D*‘l-i) 

r( k%D+l%) = r(fF--+D”l-ii) 
= 2.6 f 1.1. 

This is independent of the values of foe and f+- and is compatible 
with theoretical predictions, which vary from 2.3 to 3.1. as well 

3.7 
as the value found by the ARGUS collaboration*3 of 3.3fl 1. 
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Isospin symmetry implies r( ~-tO*+I-~)=r(B--D*‘~-~) and 
- 

r(P4+f~)=r(B-+o”~7h Therefore, the lifetime ratio of charged 

and neutral B mesons can be calculated from the ratio of 
semileptonic branching fractions. 

t(B-) B(B--+D*“l-7) B(B---tOoI-i) 

Gi”)-~(S-+~*+~7) = B(i%D+l-i) 
=  (0.89kO. 19ztO. 13)e. 

The systematic error is dominated by the uncertainties in the 
determination of the background levels under the D peaks, and - 
the size of B”+D*+l< feeding into our Dl samples. This result is 
consistent with our previously published limits,ta and a recent 
indirect measurement by ARGUS.15 Theoretical predictions for 
this ratio lie in the range between 1 .O and 1.2. Note that this 
result is sensitive to the change in foe and f+-. 

III. Observation of the Decay D&d+v16 

Although the D$ meson has been observed in several decay 
modes, there have been no measurements of an absolute 
branching fraction. We accomplish this by observing the decay 

D+&+v. 

The branching fraction of the decay D&@l+v can be 
calculated since the partial decay width may be inferred from the 

partial width for the decay D++K*l+v. The difference in the form 
factors and decay phase spaces are such that 

r(D&d+v) = 0.8r(D++K*I+v).L7 

From the ratio of the lifetimes of these two particles, 

Therefore, we obtain 

B(D&l+v) = 0.35B(D+-+K*l+v) = (1.55fo.37)%. 

Due to missing v, the distribution of the invariant mass of 

91+ would not form a narrow Gaussian peak but rather extend 

from the threshold of 1 GeV/cZ up to the 0: mass of 1.97 GeV/c2. 

Since the majority of the 0: is produced in the momentum range 
above 2.5 GeV/c, and there are many fewer random background 
combinations in that momentum range than in the lower 

momentum range, we require that the momenta of $I+ candidates 
be greater than 2 GeV/c. which approximately corresponds to the 
0: momentum of 2.5 GeV/c. We also require that the 
momentum of the $ be greater than 1 GeV/c. The implication of 
this cut is described later. 

Figure 6 shows K+K- invariant mass distributions for 
events with either identified electrons or muons. As described 
above, the momentum and invariant mass requirements on the 
$1+ candidates as well as the momentum requirement on the $ 
candidates have been imposed. There are 49 I$ candidates in the 
electron sample and 26 in the muon sample. 

Of those 75 $I+ candidates, 16.6 are attributed! to events 
with a $ and a hadron which is misidentified as a lepton. A 

sample of K! decays is used to estimate the probability that a x is 
misidentified as a lepton. In addition, in the Y(4S) and Y(5S) - 
samples, which contain some BB events, we estimate’ based on the 
number of 0’s and leptons per B decay that there are 4 random +- 

l+ combinations. 

l-to& = 2.3r,ol(D+).la 
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It is possible that a substantial number of our events 

are due to cont inuum random $-I+ combinations. Since the high 
momentum leptons which we use in this analysis come only from 
charmed particle decays, only if a $ is produced with charmed 

particles or from their decays, will a $-I+ combination result. 

Since neither the Do nor D+ is likely to decay into $I+ we ignore 
this contribution. The remaining source of background is: 

(1) e+e--+c C jets; c jet + D  and $; D&X, or 

(2) e+e-+c C jets; c jet -r D  and5 jet++; D&X. 

(a) electron sample 

(b) muon sample 

1 

f 

I- 

)- 

2950690-006 I 

M  (K+K’) GeV 

Figure 6. Invariant K+K- mass for events with identified leptons 
after kinematic cuts described in the text. The curves 
show the fits to the background and signal. 

In order to investigate how often the I$ is produced with charmed 

particles, we search for D  *‘I’ and DoI’ combinations using 

D*++D’n+; D’+K-lr’ or Kn-x+n+ for D*’ and D’+K-lr+ for Do. To 
study (1) and (2) separately, we consider two cases: one where 
the D and the $ are in the same hemisphere, and the other, in the 
opposite hemisphere, as shown in Figure 7. We  reject events if 
the momenta of 0 candidates are less than 1 GeV/c, since it is not 
easy to decide for these events whether the $ and the charmed 
meson come from the same jet or opposite jets in those events. 
There is an evidence for some e’s in the hemisphere opposite 
from the charmed mesons, but none is observed in the same 
hemisphere. 

If a lepton and a $ come from the same jet, their invariant 
mass is very likely to fall below 2 GeV/ct, whereas !if they are 
from two different jets, their invariant mass will be higher than 2 
GeV/cz. From these observations, we conclude that there are at 
most 11 events in our signal from this source. Figure 8 displays 

+!+ invariant mass distribution along with the sum elf the estimate 
of various background contributions shown in solid histogram 
and signal, in dashed line. 
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From the number of decays D&d+v, we can obtain 0: 
production cross section by 

ND++$l+” 
W$= 

L B(D&r+v) &&+,+v 

where N~&+l+v is the number of D&$l+v events observed, L is 

the total luminosity, and &D&~+v is the efficiency for detecting 

D+&+$l+v decays. This gives rise to a 0: production cross section of 

about a quarter nb-t (or R-0.3) at the center-of-mass energy 
10 GeV. Similarly, we obtain the absolute branching fraction 
the decay D&$ut+ by 

of 
for 

B(D&+)-p 
t o(Dss, E&n-N&+r+v &D&T 

B(D&l+v), 

where NLs(,~~.+r-++n) is the number of D\o(~,&jut events 

observed, and ED:+@ is the efficiency for detecting Dsf$n decays. 

We  obtain 
+0.9 

B(D~on+)=(3.1~0.6-o~6+0.6)%. 

IV. AT-t An Decay Asymmetry19 

Since the AZ decays weakly, parity is not necessari ly 
conserved in the decay. Bjorkenza predicts that there should be a 
maximal parity violation in most of the A: decays, because the 

decay products in these decays are relativistic due to the AZ 

mass, and therefore, the quark level expectation of gA/gv--1 is 

preserved at the hadron level, giving a,;--1. In the decay 

&-PAX. parity non-conservation might be observed as an 

asymmetr ic A distribution with respect to the AZ spin direction, 
or an asymmetry in the A helicity. Since we do not a priori know 

the polarization of the AZ. we use the latter method to search for 
parity violation. If one observes only the helicity of the A, its 
polarization, PA = aLA:. The angular distribution of the proton 

coming from the A decay is described by 
dN 

dcose - = 0.5( 1 +PAa,cosB) = 0.5( 1 +a,:a,cos@, (1) 

where 8 is the angle between the directions of the A.: and the rr 
from the A decay in the A rest frame. 

Figure 9 shows the distribution of An candidate invariant 
masses. The A candidates are required to decay 2 mm away 
from the production vertices. We  also require that x=p/p,,,>O.6 

and lcos 8hlXO.8, where p and pmax are the momentum of the AK+ 
candidate and the kinematically al lowed maximum momentum, 
and 8h is the angle between the directions of the center-of-mass 

system and the A in the AZ rest frame. We  have combined charge 

conjugate modes (AZ and i;). This is possible since although a’s 
have opposite signs for a particle decay and its charge conjugate, 
the product of two a’s for cascade decays has the same sign as 

their charge conjugate. There is clear evidence for the AZ. There 
is a second broader peak at the lower side of the first one. This 

may be due to the decay chain A~-+J?n’ fol lowed by J?+Ay, 
where the y is ignored. We  repeat our analyses with and without 
this contribution and we include the difference as a systematic 
error, since we are not sure whether or not this second peak is 
real. In order to obtain the dependence of the rate on core, we 
plot An invariant mass distributions for four core intervals. 
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Figure 9. Invariant An+ mass distribution with x=p/pm,,>0.6 and 
1~0s 8hko.8. 

Figure 10 shows invariant mass distributions with the results of 
maximum likelihood fits described below. When cos0 is near -1. 

there is a strong AZ signal, whereas there is almost no signal 
when cost) is near +l. Figure 11 shows the production rates as a 
function of cosfi. which are obtained by fitting the mass 

distributions with a Gaussian representing the AZ signal and a 
polynomial background. Fitting the cos6 dependent rates to the 
equation (1) yields aAc+=-l. lf0.4. If we carry out the same 

analyses for the AZ and i: separately, we obtain a,;=-1.2f0.7. 
and a ;=+0.9iO.6. which is consistent with a,; = -a ;; This 

demonstrates the existence of parity violation in the decay 

&+Ax at the 99% confidence level. 

V. A Glance at CLEO II Data 

The CLEO II detector, shown in Figure 12, started collecting 
data at the Y(3S) resonance last summer. Its Csl crystal 
calorimeter has been working well and accomplished an energy 
resolution at 5.2 GeV of less than 1.5%. By observing the average 
energies calculated for Bhabha electrons as a function of time, we 
note that there are small systematic shifts in the energy, for 
which we have not found reasons. However, despite these shifts, 
the stability of the calorimeter is better than 0.2% (rms) over a 
period of a month. A preliminary study of photons arising from 
the decays Y(3S)+yx,, where J=O, 1 and 2, we infer that the 

energy resolution near 100 MeV is about 4%. The energy 
distribution of the photons from the decay B*+By \from data 
taken above B* production threshold) indicates that the 
resolution in the 50 MeV range is about 8%, which is dominated 
by electronics noise. 
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. . . 

Figure 12. Schematic front and side views of the CLEO II 
detector. 

Figure 13 shows a typical candidate for the seqt/ential 
decays Y(3S)-lm,; x,+yY(lS); and Y( 1 S)-+u+p-. The calorimeter is 

free of noise. 

In this paper we show only very preliminary results on 
one-prong r decays using one-vs-one charged track topology 
events. Figure 14 shows my invariant mass distribution for one- 
vs-one events with only two photon candidates in one 
hemisphere, In Figure 15, the distribution of the invariant 
masses of x+rt’ shows a prominent peak due to the p+. We 

observe about 2,400 r++p+ Vr in about 80 pb-’ of data. Notice 
that there are very few events beyond the r mass, indicating that 
the background from qqannihilation events is very ,low. 

Figure 16 shows a scatter plot of invariant masses of two 
pairs of y’s in one-vs-one topology events with 4 photon 
candidates in one hemisphere. Figure 17 shows the mass 
spectrum of the second yy pair when the first pair is consistent 
with no, indicating that most of the background is due to 

matching wrong y pairs. Again, IC+II~X~ invariant mass 
distribution, in Figure 18, suggests that the majority of these 670 
events is due to a production of a~-+ttirtorto, There is only a 

handful of events with rt+rr”lto invariant masses greater than the 
‘L mass, indicating again that the background from! qqannihilation 
events is very low. This is in good contrast with CLEO 1 three- 

vs-one topology data resulting from r’+rt+n+rt- ( instead of 

a+rrOnO). These data include about 17% of qq anni elation events 9. 
since CLEO I was not capable of rejecting events with extra 
neutral energy clusters because the photon detection efficiency 
was low and there were too many spurious photon candidates. 
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In order to show one of CLEO II’s potential capabilities for 
new physics, Figure I9 shows a scatter plot of invariant masses 
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Figure 15. Invar iant x+x0 mass distr ibution for the same events 
as  Figure 14. 

Figure 16. Scatter plot of invariant masses of two ,pairs of y’s in 
one-vs-one topo logy four photon  events. 
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Figure 19. Scatter plot of invariant masses of two pairs of y’s in 
one-vs-one topology six photon events when third 
pair is consistent with no. 

of two pairs of 7’s in one-vs-one topology events with 6 b hoton 
candidates in one hemisphere. The third 7 pair is required to 

form a rr’. There is a clear cluster of events which correspond to 
production of two additional HO’S in these events. (When the 

third 7 pairs have masses outside the rr” mass range, there is no 
enhancement correponding to two rr” production in the scatter 
plot.) Most of the background is due to matching wrong 7 pairs. 

Again, x + o ’ II x II o invariant mass distribution, in Figure 20, 
suggests that the majority of these 68 events are due to ‘c decays, 

since there are no events with rr+rt”rrorro invariant masses greater 
than the r mass. In this case the major background to 

z-+rr+x”rrorro comes from other ‘F decays. We estimate that of 
those 68 events, 14 are random 7 combinations (we have not 
taken out multiple counting of the same events.) An additional 

18 can be attributed to z++ &n+r’ and z--+v~rr-rr”xo. The 
remaining 36 events may be due to ‘T decays with more than one 
neutral particle, which would be the first direct evidence for such 
a decay mode. 

VI. Conclusions 

We have measured the branching fractions for z’--+D+f-V 
and B--+D”I-7, and derived ~V~c~=0.040+0.006+0.006. The ratio 
of semileptonic widths for final states with vector and pseudo- 
scalar D mesons are determined to be 2.6k1.1, and the ratio of B- 
a n d B” lifetimes, r(B-)/r( i”)=0.89k0. 19kO.13. We have 
observed the dzba$ Ds+$lv, and determined B(D&,?. 
+~7r)=(3.1*o.6~o~6+o.6)%. The maximal asymmetry WI” have 
observed in the decay Az--+Ax+ demonstrates a violation of parity 
conservation in the weak decay of a charmed particle. 
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The CsI calorimeter of the CLEO II detector has shown that 
our expectation is reasonable, though we are still learning how to 
fully utilize it. 
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Figure 20. Invariant ~+rr~rt~rt~ mass distribution for the same 
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Abstract 

Some recent results are reported from the ARGUS experiment, oper- 
ated at the e+e- storage ring DORIS Il at DESY. In an updated analysis 
of semileptonic b - u decays direct evidence for such transitions was ob- 
tained through reconstruction of a complete event. A study of the lepton 
energy spectra in +- -+ E-UP and z- + P-I+ decays yielded a value for 
the Michel parameter which is in good agreement with a standard 1’ - A 
coupling at the r-x+-U’ vertex. A parity violating asymmetry was mea- 
sured in r decays into three charged pions which shows that the T neutrino 
has negative helicity. The Micro Vertex Drift Chamber was installed as a 
new hardware component of the ARGUS detector. Initial results concem- 
ing backgrounds and chamber performance are presented. 

1 Introduction 
The results reported here were obtained using data collected with the ARGUS 
detector at the e+e- storage ring DORIS II. During t$period 1983 to 1989 an 
integrated luminosity of 455pb-’ was accumulated at center-of-mass energies 
between 9.4 and 10.6GeV. About one half of this data sample (237pb-‘) was 
taken on the Y(4S) resonance and contains about 202000 T(4S) decays. In 
order to determine the contributions from the continuum underlying the T(45). 
data torresponding to a luminosity of 9Spb-’ were recorded at center-of-mass 
energies about lOOMe\’ below the Y(4S) mass. 

The ARGUS detector and its particle identification capabilities have been 
descrihcd in detail elsewhere [l]. The identification of leptons is of particular 
importance for two of the analyses presented here. At ARGUS this is done 
by combining available information from several detector components into a 
global likelihood ratio. For electrons, this likelihood ratio is constructed from 

0 H. Kapitza 1991 
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measurements of the’energy deposition, the s&e and lateral spread of the asso- 
dated duster in the electromagnetic calorimeter, specific ionization in the main 
drift chamber, and time-of-Bight. For muons, the quality of the match between 
the projected particle track and the associated hit in the muon chambers, lo- 
cated outside the magnet return yoke, is also used in forming the likelihood 
ratio. A particle is considered to be an electron or a muon if the corresponding 
likelihood ratio exceeds 0.8. This approach leads to a high efficiency of lepton 
identification, combined with a low misidentification rate for hadrons [l]. 

2 Analysis of Semileptonic b + u Decays 

In the Standard Model with three families of quarks and leptons the b quark 
is allowed to decay weakly into a c or a u quark. The decay strengths are 
determined by the Cabibbo-Kobayashi-Makawa (CKM) matrix elements Vd 
and Vd respectively. The copious production of charmed hadrons in B meson 
decays demonstrates that b + e transitions are strongly dominant [z]. On the 
other hand, a non-zero value of the CKM matrix element Vd is essential for the 
explanation of CP violation in the Standard Model (31. 

Among the various approaches to measure b -+ u transitions the analysis of 
charmless semileptonic B meson decays offers several advantages. Since these 
decays proceed only through the spectator diagram shown in Figure 1, their 
measurement provides the most reliable means of determining Vd. Experimen- 
tally there is a simple kinematic separation of semileptonic b -S u from b + c 
decays possible. Due to the mass difference of the lightest charmed hadrons 
(D* , Do) and the lightest non-charmed hadrons (xi, x0) the maximum lepton 
momentum is larger for b -+ u than for b -+ c transitions. In the rest system 
of the decaying B meson the kinematic limits are pl,,,,.= = 2.31 (2.64)GeV/c 
for b + c (b - u) decays. Hence searching for semileptonic b + u decays 

b Kb, kb c, u 

Figure 1: Spectator diagram for semileptonic B decays. 

means looking for leptons with momenta beyond the kinematic limit for b -+ c 
transitions. This approach of measuring b --t u transitions has been successful 
recently (4,5]. In the following an update of the published ARGUS analysis [S] 
is presented. 

2.1 Inclusive Lepton Momentum Spectrum 

The detailed event selection criteria can be found in [S], and only the general 
analysis ideas and new cuts will be described here. The basic requirement is to 
have at. least one identified lepton in the event (see Section 1). However, most 
of the leptons in the b + u signal region are background, namely 

s leptons from the continuum, 
s leptons from b + c transitions, 
s leptons from B -+ J/$X, followed by J/$ -+ FE-, 
. misidentified hadrons. 

These backgrounds can be substantially reduced by requiring a large missing 
momentum, 1.0 < pm,,. < 3.5GeV/c, in the events. This cut is motivated by 
the presence of an energetic neutrino in the decay B -+ X,1-F’. It is very 
effective since continuum Ieptons, leptons from J/g decays, and misidentified 
hadrons are usually not accompanied by neutrinos. 

In order to reduce the background further, two independent data samples 
were defined: 

1. Events with exactly two leptons: Requiring an additional lepton with a 
momentum in the b -+ c range 1.2 < pc < 2.3GeV/c yields an almost 
background free sample of events. Residual lepton p&s from the contin- 
uum: converted photons, and J/d decays arc suppressed by opening angle 
and invariant mass cuts. 

2. Events with exactly one lepton: Here additional cuts must be applied on 
event topology and missing momentum. The former exploits the fact that 
particles from Y(4S) decays are isotropically distributed while continuum 
events show a two-jet structure. 

In the published analysis [S) the topology cut was implemented by demanding 
a large scalar sum of momentum (> 2 GeV/c) transverse to the lepton in a 
restricted angular region (60” to 120”) perpendicular to the lepton direction. 
The neutrino and charged lepton were forced to be back-to-back by requiring 
the angle /I between the lepton and missing momentum direction to satisfy 
cosg < -0.5. 

‘References in this paper to a specific charged state should bc interpreted as dso implymg 
the charge conjugate state. 
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In order to enlarge the available single-lepton sample further, an alterna- 
tive analysis has been devised which increases the overall acceptance for b + u 
lcptons. This is achieved by first replacing the topological cut by the require- 
ment that the cosine of the angle o between the direction of the lepton and 
the thrust axis of the rest of the event satisfies Icosal < 0.75. As shown in 
Figure 2, continuum events are strongly peaked near 1 cos oj = 1, reflecting the 
t?o-jet topology of these events, in contrast to the flat distribution of Y(4S) 
events. Secondly, the requirement that the lepton and the missing momentum 
be back-to-back, was replaced by a restriction that the squared mass of the 
hadronic system recoiling against the lepton and missing momentum, 

Mhz = l&am - Et - pm;,,]’ - Ff + 6n,,,]7 , 

must satisfy IiW,‘I < l.SGeV’/c’. This essentially is a cut against charmed 
hadronic systems. Monte Carlo studies show that about 55% of the events 
which pass either the original or the modified cuts, should actually satisfy both. 
This is in good agreement with the observed overlap in the data. 

In the b + II signal region of the lepton momentum spectrum, 2.3 < pr < 
2.6 GeV/c, for events which satisfy either the original or the revised selection 
criteria, 109 leptons are observed in the Y(4S) data (see Table 1). In order 
to obtain the number of leptons from direct T(4.S) decays the continuum con- 
tribution has to be subtracted. A scaling factor of 2.42 takes into account 
the different luminosities and center-of-mass energies for continuum and Y(4S) 
data. Contributions from the tail of the b -+ c spectrum are small. The same 
is true for the backgrounds from faked leptons and from J/$ decays. 

An updated analysis of the dilepton events results in 23 events having a 
lepton with momentum between 2.3 and 2.6GeV/c. Only few of these rue 

lT(4S) 

Single Lcptons Dileptons 
c P e 1 IJ 

52 I 57 12 I 11 

1 

Backgrounds: 
Continuum (scaled) 
b+c 
J/G 

10.7 19.9 0.8 0.8 
5.5 6.3 1.2 1.3 
1.0 0.7 0.2 0.1 

j Fakes Total background / 1 18.5% 1.3 3.1 I ; 29.7 2.8 It 4.3 3.0 0.8 i 1.0 3.7 1.5 * 0.9 
! Signal i 33.5 t 7.6 ' 27.3 i 8.7 9.0 i 3.6 7.3 * 3.4 

Combined signal 77.1 * 13.4 

Table 1: Observed numbers of single-lepton and dilepton events in the momen- 
tum interval 2.3 < pt < 2.6 GeV/r and estimated backgrounds. 

80 , . 8 . , . 

N 
0.l 

60 - 

40 - 

20 - 

0 
0.0 0.2 0.4 0.6 0.8 1.0 

Icoscr) 

Figure 2: Distribution of coso for direct Z(4S) decays (points with error bars), 
continuum events (shaded histogram, before scaling), and Mont.e Carlo gen- 
erated T(4S) events where one B decays via B” -+ #‘Pti (open histogram, 
normalized to the direct T(4S) data). u is the angle between the direction of 
the lepton and the thrust axis of the rest of the event. 
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background; see Table 1. Figure 3 shows the lepton momentum spectrum of the 
combined single-lepton and dilepton samples. There remains, after subtraction 
of all backgrounds, a combined signal of 77.1 zt 13.4 events containing a lepton 
with 2.3 < pi < 2.6GeV/c. The shape of the spectrum in this interval is 
compatible with the predictions for semileptonic b -+ I&V decays [6,7,8,9]. 
However, using only this restricted portion of the full momentum spectrum, it 
is not possible to discriminate between the available models. Events containing 
electrons or muons contribute about the 6-e number of events to the signal, 
as expected from their similar acceptances. The observed lepton rate in the 
b -+ u signal region can be compared to the lepton rate from T(4S) decays in 
the momentum range 2.0 < pc < 2.3 GeV/c: 

BR(B + XP-F, 2.3 < pc < 2.6GeV/c) 
BR(B -+ XP-s, 2.0 < pc < 2.3 GeV/c) 

= (5.4 f 0.9)%. 

From this result the ratio IV,/V,l can be calculated, using model predictions 
for the semileptonic decay rates and lepton momentum spectra in b + ul-c 
and b -+ cP-P decays. The results are shown in Table 2. The uncertainty due 
to the model dependence is of the same order as the experimental errors. 

model rderence I IKblVcb 
ACM 1 161 1 0.11 * 0.01 

2.2 Reconstruction of b --t u Events 

In order to show that the observed excess of leptons in the momentum range 
2.3 < pc < 2.6GeV/c does indeed originate from b + u transitions, an attempt 
was made to completely reconstruct the signal events. Monte Carlo studies and 
previous experience with tagging hadronic B decays in the data show that the 
reconstruction rate using all B decay channels involving D mesons’ is about 
1.6% [lo). The&ore approximately one complete event is anticipated in the 
combined single-lepton sample. 

As a result of the search for s hadrqnic B tag in the mentioned decay modes, 
one fully reconstructed event was found in the data, consist.ent with the expec- 
tation. The event is shown in Figure 4, and consists of a f(4S) decay into a pair 

‘Bere D meson should be interpreted as Do, D+, PO, D’+ and their charge conjogatc 
states. The finc+l date of the B decay was required lo contain no more than eight charged 
particles and six photons. 

N 350 c”“’ 
0.05 GeV/c 

300 
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200 

150 

100 

50 

t 
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2.0 2.2 2.4 2.6 

Pe PV/cl 

2.8 3.0 

Figure 3: Combined lepton momentum spectrum for direct Y(4S) decays. The 
histogram is the b --t c contribution normalized in the region 2.0- 2.3 GeV/c. 
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Figure 4: Completely reconstructed event containing a decay r(4S) + B”r, 
BO+iP, where one B” decays into v+fi-P and the other into D’+p-. 

of B” mesons, indicating that one Bs meson has oscillated into a B”. Thus the 
event simultaneously demonstrates the existence of b -+ u transitions and B”p 
miring. The hadronic 9” tag was reconstructed in the mode p 4 D’+p-. The 
second B” meson was seen in the channel B” --$ v+p-p, representing the 6rst 
direct observation of a b + u decay. The relevant kinematic quantities for this 
event are listed in Table 3. All measured intermediate masses agree well with 
the expected values [II]. 

T(4S) -+ BOi?, B” --* B” 
1 p (GeV/c] 1 M [MeV/c’] 1 co68 

- 
B .-, n+,u-s t I m* 
TB 0.213 f 0.003 -0.423 
P- 2.322 zb 0.026 0.205 
c 2.667 i 0.034 -0.130 

B” + D’+p- 0.330 f 0.021 5277.7 f 3.3 -0.12 
P+ -+ s;D” 1 2.278 f 0.013 1 2010.0 Ifr 1.0 1 -0.62 
n2 1 0.204 f 0.005 1 ( -0.72 

Table 3: Kinematic quantities of the event in Figure 4. 

J 
Possible background sources to this event have been evaluated. The proba- 

bility for misinterpretation is substantially reduced by the existence of a D’+ in 
the event. Also of particular importance is the fact that the missing momentum 
pm,,, = (2.667 i 0.034) GeV/c coincides within errors with the missing energy 
E ,,,,,, = (2.711 zt 0.027) GeV. Since the missing momentum vector points into 
the barrel region of the detector, where no interaction i’s observed, the miss- 
ing particle is most probably a neutrino. The ~1~ is well measured, with hits 
in all three layers of the muon chambers. If the muon were actually fahed by 
a hadron, the missing particle could also be a non-interacting Ki. However, 
this hypothesis is ruled out for most b + c decays, since such a hypothetical, 
high momentum Ki would be beyond the kinematic limit for all but a sequence 
of two-body decays. Since the invariant mass formed by s missing Ki with 
either the soft pion or the muon lies outside the charmed hadron region, the 
two-body decay hypotheses can be safely rejected. The possibility that this 
decay proceeds via a Upenguin” diagram in the channel B” -+ Kir-n+ cannot 
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be excluded, but has a probability of less than lo-” due to the smallness of 
the lepton fake rate and the “penguin” decay rate 1121. Misreconstruction of 
a continuum process is also very unlikely, with a probability estimated to be 
less than 10e3 by measuring the fake rate for hadronic B tags in the continuum 
data. 

Therefore the most probable interpretation of this even26 that a com- 
plet* reconstructed f(4S) decay was observed, where one B meson decays 
into ~r+p-i?. This represents the first direct observation of a 6 -+ u transition. 

3 Determination of the Michel Parameter in r 
Decays 

All experimental studies of the space-time structure of weak charged currents 
are in agreement with the existence of a universal V-A interaction, as assumed 
in the Standard Model. This has been shown with high precision for the decay 
of the muon, p- -+ e-fi.v,,, by comparing the shape of the electron energy 
spectrum with theoretical predictions. The electron energy spectrum in the 
muon rest frame is given by the one-parameter Michel formula 113) 

where 2 is the lepton energy divided by its maximum kinematically allowed 
value. For a I’ - A coupling at the muon decay vertex a Michel parameter 
p = 0.75 is expected. All other linear combinations of V and A couplings lead 
to values p < 0.75, in particular p = 0 for 1’ + A and p = 0.375 for pure 1’ 
or pure A. A measurement of p > 0.75 would indicate the presence of scalar 
and tensor couplings. The radiative correction term r(z) is not negligible and 
depends on the assumed combination of V and A couplings. 

In muon decay the Michel parameter has been measured with high precision, 
and the average result, p = 0.7518 zt 0.0026 Ill], is in excellent agreement with 
the 1’ - A theory. Assuming e-p-r universality, the same is expected to hold 
true for leptonic tau decays (Figure 5). This assumption, however, is not well 
test.ed experimentally. Although the world average for the Michel parameter 
measured in f decays is in reasonable agreement with the V - A theory, there 
is a large spread between individual measurements (see Table 4). Moreover, 
the values of p extracted from electron spectra differ by about two standard 
deviations from those obtained from muon spectra. 

Using the full available data sample of 455pb-’ and exploiting the good 
lepton identification capabilities, a high-precision measurement of the Michel 
parameter in the decays T- -+ e-vij and T- ---t ~-VP has been performed at 
ARGUS 1181. The experimental electron and muon energy spectra are obtained 
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Figure 5: Feynman diagram for leptonic T decays. 

(Yli > 90" 

Ckij < 90" 

(i,j = 2,3,4) 

total charge: 

k$l qk = o 

Figure 6: Selected one-versus-three event topology. 



Experiment 1 T- 4 e-e f- -4 p-vi? Average 
DELCO I141 0.72 f 0.15 
CLEO [I;] ’ 

1 1 1 0.72 f 0.15 
0.60 f 0.13 0.81 f 0.13 0.71 f 0.09 * 0.03 

MAC (161 0.62 zk 0.17 f 0.14 0.89 f 0.14 zt 0.08 0.79 f 0.10 f 0.10 
CB 1171 1 0.64 i 0.06 f 0.07 1 1 0.64 * 0.06 f 0.07 
A.verage 1 0.64 f 0.06 t 0.84 f 0.11 1 0.70 f 0.05 

Table 4: Previous measurements of the Michel parameter in the decays 
T- + e-uc and r- + ~-VT. 

from a sample of tau-pair events where one T decays into three charged particles 
and the other into one identified lepton: 

-- e+c- --a T+r- -+ u,e u,, wvp-i7p 

L iF,r+?r+n-(no). 

The required one-versus-three event topology is defined in Figure 6. In order 
to assure good momentum resolution and trigger conditions, the single track 
must point into the barrel region of the detector, restricting its polar angle to 
the region [costi < 0.75. There should be no more than three photons with 
.E, > 80 McV in the shower count.ers, thereby allowing for the possibility of one 
radiative photon in addition to the A” from the decay T+ + v,n+x+x-x0. 

Some further cuts were applied in order to suppress backgrounds from the 
following sources: 

1. Radiative Bhabha and muon pair events with one photon converting into 
an c+e- pair close to the interaction point, are characterized by small total 
transverse momentum PT = ICF=l and high visible energy E,,,. This 
background was suppressed by requiring PT > 0.3GeV/c. The energy 
deposit,ed in the electromagnetic calorimeter by all charged particles on 
the three-prong side was required to be less than 3.5 GeV. The angle Q* 
between opposit.ely charged particles on the three-prong side had to satisfy 
the condition cos Q* < 0.992. 

2. Events from two-photon interactions with the initial e- (e’) tagged in 
the detector hare a missing momentum vect,or pm,,, which points along 
the direction of the c+ (c-) which escaped down the beam pipe. This 
background is relevant only for T- -+ ccuv decays, and was eliminated by 
a requirement on the direction of the missing momentum, Q, x cot B,,,, 2 
-0.95, where Q. is the charge of the tagged ci. 

3. Two-photon events without an electron tag may contain a faked lepton. 
These events are characterized by small Et,,, and Pr, since both initial 

electron and positron are not detected. This background is practically 
eliminated by the PT cut. 

4. Contributions from the hadronic one-prong tau decay T- -+ p-u,, followed 
by p- -t a-no and x0 -+ 77 were removed by allowing no more than one 
photon on the one-prong side, and restricting the energy of that photon 
to a maximum of 300 MeV. 

A sample of 5106 events containing electrons and 3041 events containing 
muons satisfied these selection criteria. The remaining background is summa- 
rized in Table 5. The multihadron background was estimated from the distri- 
bution of the invariant mass M(3~r) on the three-prong side. There are only 11 
events observed with a mass higher than M, which have be-en rejected for the 
further analysis. The background from the decay T- -+ n-v, WBF determined 
using the known pion-lepton misidentification rates [I]. The background from 
the decay T- + /.-VP in the electron channel occurs mainly at momenta below 
1 GeV/c where muons can fake electrons. 

Background T- + e-vi? 7- -4 fl-uD 
multihadron events 
radiative QED events 1 o.3 / o.3 
two-photon events J 

T- -a r-u, 0.3 
T- --I p-u7 / - 
r- --t p-iTi,u, 0.2 

Total 0.8 2.0 

l’able 5: Remaining backgrounds (in %) in the T- -+ E-VP and T- + pL-vti 
data samples. 

Knowledge of the lepton identification efficiency is of particular importance 
lor this analysis, since any momentum dependence would distort the shape of 
the energy spectrum. Therefore a detailed study of the lepton identification 
Efficiency was performed using experimental data. Radiative Bhabha events 
were used as a clean sample of electrons. A comparison of efficiencies determined 
from experimental data and by Monte Carlo simulation is shown in Figure 7a. 
In order to det.ermine the muon identification efficiency over a tide momentum 
range, cosmic ray events were analyzed. Again, the Monte Carlo results agree 
well with the data over the whole momentum range. as shown in Figure 7b. 
The large values of electron and muon identification efficiencies and their weak 
momentum dependence allow a measurement of the Micbel parameter with a 
small systematic uncertainty. 

The electron and muon z-distributions are shown in Figure 8 together with 
the radiatively corrected theoretical spectra [19]. The data strongly favour the 
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V - A spectrum. The further analysis was restricted to the region of reliable 
lepton identification, corresponding to z > 0.08 for electrons and z > 0.28 for 
muons. These boundaries are indicated by the vertical lines in the figure. After 
subtraction of the background the experimental distributions were fitted with 
a theoretical model with an arbitrary parameter p. The results of the fits are 

{ 

0.747 & 0.045 f 0.028 for electrons 
. 

P= 0.734f0.055 & 0.027 for muons 
0.742 zt 0.035 f 0.020 weighted average. 

The measurements for electrons and muons are clearly in good agreement. The 
different sources of systematic error have been analyzed in detail. The main 
contribution for electrons comes from the uncertainties in the lepton identifica- 
tion and trigger e&iencies. For muons, the dominant uncertainty is due to the 
background from T- --) n-v, decays. 

The ARGUS measurement represents a considerable improvement both in 
terms of statistical and systematic error (see Table 4). The measured value of 
the Michel parameter is in good agreement with the V - A theory and excludes 
both V + A and pure V or A couplings at the r-v,-W vertex as long as the 
electron and muon vertices have the standard V - A structure. This result 
provides further confirmation of e-p-r universality. 

4 Determination of the r Neutrino Helicity 

A completely different and more direct approach of checking the 1’ - A nature 
of weak charged currents in T decays is to measure the helicity of the T neu- 
trino. For a pure V - A interaction, as implemented in the Standard Model, 
massless neutrinos are strictly left-handed. A definite helicity of the v, imposes 
restrictions on the possible spin orientations of a vector particle X- in the decay 

- -+ X-V,, as schematically shown in Figure 9. A unique V, h&city results 
k a sign asymmetry of .7,(X-). H owever, in most cases such an asymmetry 
remains unmeasurable because the sign of J, is lost when squaring the decay 
amplitude. 

Figure 9: Possible spin orientations in the rest frame of the vector particle X- 
for the decay T- + X-V, and negative V, h&city. 

As pointed out by Kiihn and Wagner [20] the situation is different in the 
decay 

T- + a;(1260)u, 4 x+x-n-v, . 

Here the subsequent strong decay of the a; can be used to analyze the V, 
helicity. The ai(1260) is known to decay predominantly via an S-wave p%r- 
intermediate state into three pions: 

a; 4 pore + I t - - A, rz . 

Due to its large width there are two possibilities to form a p” from the observed 
final state particles (x+x; and x+x;) and the corresponding amplitudes must 
be added coherently (Figure 10). Because of the interference term the squared 
decay matrix element still contains information about the sign of Jz(e;) and 
hence is sensitive to the V, helicity. 

Details about the calculation of the decay matrix element can be found in 
[20,21], and only the relevant features of the final result will be presented here. 
In the following pi, qz, q+ and Q = q1 + ql + q+ denote the four-momenta of 
the pions rr; , KY, x+ and of the three-pion system. From these vectors one can 
construct the two-pion invariant masses si,r = (q2,, + q+)‘. The squared decay 
matrix element in the three-pion rest frame consists of a parity conserving and 
a parity violating part: 

~=wPc+wPv. 

For the parity violating part one finds 

where only the factors related to parity violation are shown. The ‘&’ denotes the 
sign of the charge of the decaying T. The vectors j&, and i&, are the T momentum 
unit vector and the normal unit vector on the three-pion plane respectively, both 
defined in the three-pion rest frame (see Figure 11). The axial vector 

introduces an orientation of the three-pion plane. This definition makes sure 
that v’pi, is invariant under the exchange of the two identical particles n; and 
a; because the expression iis (si - sr) does not change sign. A uniquely defined 
orientation of the three-pion plane is given by iio. sign(si - sr) which implies an 
ordering of the particles x; and n; according to their momentum. The axial 
vector 6s . sign(si - sr) carries information about the spin of the V, while the 
vector 6 describes the V, momentum. If the average value of the pseudoscalar 
& .?&, . sign(si - sr) is measured to be different from zero, this is a clear indi- 
cation of a preferred V, helicity and hence of parity violation in T decays. This 
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Figure 10: Interfering amplitudes for the a; decay. 

n'0 

P'O 

li-:- 
6 

4+ 

6 

Figure 11: Unit vectors 6 and 5s in the decay T- -+ x*x-s-v,. 

asymmetry is proportional to the normalized product of the weak vector and 
axial vector coupling constants 

Here the sign convention CA = -fCv = fl, i.e.,~~v = zkl, for a pure V 7 A 
interaction is used. 

The experimental determination of the asymmetry is complicated by the 
fact that the T direction & is not observable. However, for r’s decaying in 
flight one can approximate it by -Qs, where Qs is the boost direction of the 
three-pion system in the laboratory frame. The T momentum lies on a cone 
around -Qs, see Figure 12. The opening angle is 274 where $ can be calculated 
from measurable kinematic quantities 1201: 

cos$ = -Qo.jTo = +(mf + Q') - 2QZ 
(m; - QZ),/m 

Here & is the e+e- center-of-mass energy and z = E3r/Eh.m thz normalized 
hadronic energy in the laboratory frame. Replacing PO . ii0 by -Qs . ris means 
averaging over the unknown azimuthal angle 4: 

-Qo.iio= (~..o)Q)cos$. 

Figure 12: Relation between T direction $0 and three-pion boost direction -Qc. 

The quantity to be measured is the average value of the orientation of the 
three-pion plane with respect to -Q. as a function of r and Q*: 

a(z,Q’) E (-Go t 60. sign(si - sr)) = $?A” cos$A(Q’) 

The last part of this equation shows the expectation value of - Qs+issign( si -sr ) 
as calculated in the Kuhn-Wagner model. The sign again indicates the charge 
of the decaying r. The z dependence is fully contained in cos lip. 
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An experimental determination of the T neutrino helicity and of 74” from 
a measurement of the asymmetry A(Q’) has been performed at ARGUS 1221. 
The analyaed data sample corresponds to an integrated luminosity of 264pb-r. 
The event selection follows an earlier analysis of the same final state 123). Tau 
pair events from the reactions 

e+e- -t T+T- -8 u+u-*-v, 

L e+v,P7, p+v$,, u+i&, K+i$, p+li, . 
were selected by requiring a one-versus-three charged particle topology, similar 
to the one defined in Figure 6. In order to efficiently suppress the rr+v-v-v’~, 
decay mode, photons with E, > 80 MeV were only allowed if they combined to 
exactly one no, which in combination with the single-prong forms a p+ candidate 
with 0.54 < M(rr+v”) < l.OGeV/c’ and an opening angle satisfying 0,+,+ < 
53”. Similar cuts as described in Section 3 were used to suppress radiative QED 
events. Background from two-photon and beam-gas events was suppressed by 
requiring a scalar momentum sum 2.7GeV/c 5 xi=, ]$I < 0.924. Finally a 
cut on the angle $ (see Figure 12) was applied, cos$ > 0.2. This cut reduces 
the background from multihadron and two-photon events. Although 35 % of 
all a; candidates are rejected as well, the result of the analysis is not affected 
since around cos$ = 0 the measured quantity a(~,@) is not sensitive to the 
asymmetry A( Q’). 

The cuts yield a sample of 3899 T+T- events. The background contributions 
were determined from Monte Carlo simulations and are summarized in Table 6. 
The large systematic error on the background from other T decay modes results 
from the uncertainties of their branching ratios. 

in particular T- -+ n+n-s-sO~, 
radiative QED events 
multihadron events 
two-photon events 

fraction I%1 

15.9 f 0.6 f 5.8 
1.00 f 0.16 
0.72 f 0.13 
0.15 + 0.06 

asymmetry 

0.010 i 0.006 
(9 f 4) 1o-5 

Table 6: Fractions and asymmetries of the remaining backgrounds in the v, 
helicity analysis. 

Figure 13a shows the three-pion mass distribution of the selected events 
where 3887 events are T candidates with M(3n) < Af,. The entries above the 
T mass served to normalize the simulbt.ed multihadron background. The mass 
distribution of unlike-sign pion pair combinations (Figure 13b) shows a clear p 
peak with a combinatorial background which is approximately described by the 
like-sign combinations. Both the three-pion and two-pion mass spectra are in 
good agreement with an a, dominance in the three-pion final state. 

N 
60 MeV/c* . 

500 - 0) 

1 .o 2.0 3.0 

M(sr-n-n+) [ GeV/c*] 

N 
30 MeV/c2 

750 

250 

0.5 1 .o 

en) [GeV/ci]’ 

Figure 13: (a) Three-pion mass distribution for the decay T- ---) n+n-s-r+. 
(b) Two-pion mass distributions (points: rr+v- with two entries per event, 
histogram: a-n-). 
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The parity violatiig asymmetry A(Q’) for the selected 7 candidates was 
determined in two steps. First the average values 

a-“(~, Q’) = (-@c, . fir, . sign(al - d2)).,ol and (~os$).,~r 

were determined in (E, Q’) bins of the site AZ = 0.1 and AQ’ = 0.165 GeVZ/c4. 
Then the asymmetry A(Q’) was obtained by averaging over z: 

A 
t~-~'(z,Q') 

*-'(Q2) = ( (cos+).,q. * . 
The measured asymmetries Ama* arc shown in Figures 14a and b for f- 
and T+ decays separately. The average asymmetries in the interval 0.7 < QZ < 
2.0 GeV’/c’ are 

(&“=-) = { -0.062 f 0.020 for T- decays, 
0.060 f 0.019 for T+ decays. 

In both cases the experimentally determined asymmetries differ from zero by 
more than three standard deviations with signs as expected for a standard left- 
handed v,. 

The measured asymmetries must be corrected for the dilution due to the 
background. The asymmetries of the various background sources arc listed 
in Table 6. The asymmetry of the background from T- --t n+*-*-*Or+ was 
determined from a sample of 1463 reconstructed decays where the K’ was seen 
in the detector. Since the background contributions are found to have small 
asymmetries, the correction tends to increase the measured asymmetry. Figure 
14c shows the combined background corrected asymmetry A’=p for 7- and T+ 
as a function of Q2. The T- asymmetry enters here with a reversed sign. The 
combined average result is 

(A=-) = 0.063 f 0.016 . 

This measurement establishes parity violation in the decay T- --t X+II-T-Y, 
with a significance of four standard deviations, independently of any model. 

In order to determine 7~” quantitatively one writes 

-.WQ’) = YAV A=?Q*) , 

where Aca”(Qz) is the acceptance corrected asymmetry function as calculated 
in the Kiihn-Wagner model. This calculation includes a full simulation of the 
detector and of the selection efficiencies. Al this stage it was also verified that 
detector effects cannot fake an asymmetry. A fit of AcaLC(Q2) to the distribution 
shown in Figure 14~ yields the result 

2C” cv 
7A” = m = 1.14 f 0.34 *g: . 

A-“(&‘I 
I m I’ I * 1 r 1”’ 

o.2 _ a) r- decays ARGUS - 

0.0 1 1 ..__._ ~ .,........... . . . . . . . . . . . . . . . . .._._................................... 
Td 

,,,............................ ..- 
1 

++ ' -- L - 
-0.2 - 

I & I I I1 I II 3  1  J 

A”-‘(Q2) I r I ’ I ’ I ’ 1 ” 

0.2 - 
b) r+ decays 

0.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - 

I a 1 I I I 11 1 J 11. 

A’“‘(Q’) I s I* I ’ I m 1 7 1 m 
0.2 - c) T+ and r- combined 

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Q2 [GeV2/c4] 

Figure 14: Mcasurcd asymmetry A(Q2) for (a) T- decays and (b) T+ decays. 
(c) Background corrected asymmetry A’“(Q2) for T- and T+ decays combined. 
The solid lines show the asymmetry function A(Q’) as predicted by Kiihn and 
Wagner, the dotted lines correspond to the case of no parity violation. 
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The systematic em& is dominated by the theoretical uncertainty arising from 
the not well known D-wave contribution to the a; + p”r- decay. 

The result for -y4v is consistent with the value expected for pure V - A 
coupling at the T-V, vertex (74” = +l). In the Kuhn-Wagner model with only 
C4 and Cv as coupling constants this determines the a+ heheity to be negative. 

5 . Micro Vertex Drift Chamber Performance 

In March 1990 the old ARGUS Vertex Drift Chamber [24] was replaced by the 
Micro Vertex Drift Chamber (rVDC) 1251. A data sample of about 15pb-’ 
was accumulated on the T(45) resonance and in the nearby continuum. First 
results concerning the chamber performance and background studies are pre- 
sented here. 

5.1 Chamber Design Summary 

The pVDC is designed to resolve secondary vertices from the decays of short- 
lived partieles like charmed mesons or tau lcptons. The main design features 
can be summarized as follows: 

a The chamber contains 1070 sense wires which arc arranged in 16 layers, 
four layers of axial wires and six pairs of layers with wires at angles of f45” 
relative to the chamber axis. Due to these extremely large stereo angles 
the track eoordinates in the r-4 and r-z projections can be measured 
with equal precision. On the other hand, the large stereo angles require 
a mechanical support structure for guiding the stereo wires around the 
chamber axis, as schematically shown in Figure 15. 

c The inner chamber wall is a beryllium beam pipe with 19 mm outer radius 
and 0.5 mm wall thickness. These small dimensions and the low 2 material 
help to keep the extrapolat.ed track error at the beam position small. 

a The innermost sense wire layer has a distance of only 26mm from the 
beam line. It contains 35 drift cells which is about the minimum needed 
for a good multitrack resolution. These both constraints required the 
pVDC drift cells to be small (see Figure 16). All drift cells in the pVDC 
have the s-e size. The cathode design represents an optimum in terms 
of arceptablc field strength on the wire surface and minimal multiple 
scatt,ering. 

a In small drift cells the achievable resolution is limited by ionization statis- 
tics. Hence the chamber must be operated at elevated pressure. The outer 

Figure 15: Schematic view of the FVDC. The stereo wires wrap around the 
chamber axis, supported by a structure made of five beryllium plates extending 
between t.wo aluminium endcones. The wires are fed through jewels being in- 
serted in the vanes (672 in caeh). The endcones carry ceramic boards on which 
the wires are accurately positioned and fixed. 
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chamber wall is a pressure vessel made of 2.2 mm thick carbon-fibre epoxy 
composite. 

a Based on Monte Carlo simulations and test measurements, a scheme for 
synchrotron radiation shielding was developed, which makes operation of 
the pVDC close to the beam line possible. Additional dipole magnets were 
inserted on each side of the interaction region, splitting the last bend into 
two parts. As a result only radiation with a very low critical energy enters 

* the interaction region. The direct radiation is screened by movable copper 
wllimators on either side of the rVDC. Their backsides (towards the 
interaction point) are plated with titanium. The backscattered radiation 
from the titeaium is attenuated by an 8 pm copper layer on the inner side 
of the beryllium beam pipe. 

5.2 Chamber Operation 

With an operating voltage of 3550 V two gas mixtures were used in the PVDC: 

l pure COr with a 0.3 % admixture of water at a pressure of 2.45 bar, and 

a a mixture of 80 % COs and 20 % propane with admixtures of methyld 
(3 %) and water (0.3 %) at a pressure of 3.1 bar. 

In both cases the gas gain of the chamber was determined to be A z 18000. 
The electronics pulse height threshold was set to a current of 0.4/rA at the 
preamplifier input. 

With the beam currents being less than 2 x 4OmA, the total PVDC current 
was less than 170pA. From the mean operating conditions during the 48 days 
of data taking it was estimated that a charge of 80mC/cm was collected on 
the wires of the innermost layer. It has been shown that chambers can be 
operated without aging problems up to several C/cm collected, provided that 
contaminants in the gas, in the tubing system, and in the chamber are avoided 
(261. Hence, from the above e6timat.e one would not expect any substantial 
aging of the pVDC yet. This is supported by the fact that at the end of data 
taking the total dark current of the chamber was still as low as 0.6 PA. 

5.3 Chamber Resolution 

Except for the region close to the sense wire the isochrones in the pVDC drift cell 
are strongly non-circular (see Figure 16). Hence the track angle must be taken 
into account when drift distances are calculated from the measured drift times. 
This angular correction was determined together with the space time relation- 
ship in an iterative calibration procedure using Bhabha events in the barrel 

t- 0.25 mm 
Figure 16: Design of the pVDC drift cell. Sense wire (open circle) and cathode 
wires (full circles) both have a diameter of 25 pm. Also shown are the isochrones 
for COr at p = 2.45 bar and HV = 3550 V for drift times of 20 - 520 ns in steps 
of 20 ns. 
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Figure 17: Spatial resolution obtained for COr/propane at 3.1 bar (1 cell unit 
= 2.66mm). 
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region of the detector. The obtained spatial resolution for the Cop/propane 
mixture is shown in Figure 17. 

Due to the missing field-shaping wires there me regions of low electric field 
between the sense wires where the drift velocity is extremely small (see Figure 
16). As a consequence, a reduced dficiency and bad resolution is observed in 
the outermost 8 % of the drift cell. The resolution deteriorates mainly because 
the parametrization of the angular correction is not adequate for very large drift 
distcmces. 

5.4 Background Studies 

Since the pVDC is operated very close to the beam line, background inves- 
tigations are of particular interest. A systematic study was performed using 
random trigger events. These events are recorded with a frequency of 0.1 Hz, 
irrespective of any signal from the pretrigger components [I], i.e.,they represent 
arbitrary bunch crossings. The results of this analysis can be summarized as 
follows: 

l Each bunch crossing produces background hits in the PVDC. The mean 
number of hits is 30 to 60, depending on the beam conditions. The back- 
ground is not uniformly distributed in the chamber. The mean occupancy 
in the innermost sense wire layer was observed to be as high as 20 %, rep- 
resenting a substantial fraction of “blind” wires. 

s Only a small fraction of random triggers (typically l/200) is accompa- 
nied by at least one track in the main drift chamber. From this one can 
conclude that. the background from beam-wall events is negligible. The 
major contribution to the pVDC current is caused by synchrotron radia- 
tion photons which enter the chamber with every bunch crossing. 

l The observed phot.on rates are much higher than expected after having 
modified the bending magnets close to the detector. This indicates that 
a sizable fraction of the primary radiation does not come from the bends 
but from beam deflections in the quadrupoles. 

s Primary synchrotron radiation from the quadrupoles is not optimally 
screened by the collimators. In particular it can hit the copper layer 
on the beryllium beam pipe and induce secondary Cu-K-line emission. In 
fact these monoenergetic photons (E, = 8.05 keV) show up as a broad 
peak around 180 ADC counts in the measured pulse height spectrum of 
the background hits (see Figure 18). 

As far as the pVDC background rates and currents are concerned, particles 
from beam-wall interactions can be neglected. However, many of these events 
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Figure 18: ADC spectrum for random triggers. 
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Figure 19: Main vertex positions along the beam line. 

-371- 

-- 



I 

are accepted by the trigger and fill the data tapes. In order to find the “hot 
spots” in the beam pipe region, events from raw data tapes were reconstructed 
without any cuts applied on the main vertex position. With the old VDC and 
beam pipe (40 mm inner radius) about 60 % of the events came from beam-wall 
interactions. As expected, the situation has become much worse with the new 
narrow beam pipe. For the same trigger conditions there are now 93 % beam- 
wall- events on a raw data tape. Figure 19 shows an enhanced probability for 
such events in the region of the conical synchrotron radiation scrapers (45cm 
< I.21 < 70cm). 

Based on the experience just described, a redesigned synchrotron radiation 
protection scheme will be used for future data taking with the PVDC. 

l Current members of the ARGUS Collaboration are: H. Albrtcht, H. Ehr- 
lichmann, G.Harder, A.Kruger, R.Mundt, A.Nau, A.W.Nilsson, A. Nippe, 
T. Oest, M.Reidenbach, M.Sch&fer, W. Schmidt-Parzefall, H. Schroder, H. D. 
Schulz, F. Sefkow, R. Wurth (DESY H amburg); R. D.Appuhn, C. Hast, G. Her- 
rera, II. Kolanoski, A. Lange, A. Lindner, R. Mankel, M. Schieber, G. Schweda, 
B. Spaan, A. Walther, D. Wegener (University of Dortmund); M. Paulini, K. 
Reim, U. Volland, H. Wegtner (University of Erlangen); W. Funk, J. Stiewe, 
S. Werner (University of Heidelberg); S. Ball, J. C. Gabriel, C. Geyer, A. H51- 
scher, W. Hofmann, B. Holzer, S. Khan, J. Spengler (MPI Heidelberg); D. I. Brit- 
ton, C. E. K. Charlesworth, K. W. Edwards, H. Kapitza, P. Krieger, R. Kutschke, 
D. B. MacFarlane, K. W. McLean, R. S.Orr, J. A. Parsons, P. M. Patel, J. D. Pren- 
tice, S. C. Seidel, G. Tsipolitis, K. Tzamariudaki, R.van de Water, T.-S.Yoon 
(IPP Canada); S. Schael, K. R. Schubert, K. Strahl, R. Waldi, S. Weseler (Uni- 
versity of Karlsruhe); B. BoStjanEiE, G. Kernel, P. Kriian, E. Kriinif, T. Zivko 
(University of Ljubljana); H. I. Cronstriim, L. Jonsson (University of Lund); 
A. Babaev, M. Danilov. A. Droutskoy, B. Fominykh, A. Golutvin, I. Gorelov, V. 
Lubimov, F. Ratnikov, A. Rostovtsev, A. Semenov, S. Semenov, V. Shevchenko, 
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Neutrino Lepton Physics with the CHARM2 Dttector 

UBALDO DORE 

CERN and Dipartimento di Fisica, Universita’ La Sapienza, Roma. 

1. Introduction 

The CHARM2 detector has been designed to obtain a precision determination 

of the electro-weak mixing parameter ain 26~ via a mesurement ‘of the ratio of the 

cross section of the purely leptonic neutral current processes 

Preliminary results of this experiment on the determination of sin 28, have been 

published in [l]. 

The main difficulties for the study of these processes come from the very small 

value of the cross section (a/E = 1.5 x 10 -42cm 2/GeV) and from, the high level 

of background. The single electron events produced in the v,, - e scattering must 

be extracted from the deep inelastic neutrino nucleon scattering ones that have a 

three order of magnitude higher rate. 

To match these requirements CHARM2 [2] has been built !as a high mass,low 

2, high granularity, sampling calorimeter (total mass 692 tons). The calorimeter 

is made of 420 modules, each module consisting of a 3.7 m  'X 3.7 m, 4.8 cm 

thick, glass plate and of a plane of 352 plastic limited streamer Fubes with digital 

readout of the wires and analog readout of pickup strips orthogonal to the wires. 

The calorimeter is followed by a muon spectrometer (magnetized iron plates and 

drift chambers) for a measurement of the momentum of muons produced in charge 

current interactions. 
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The discrimination of e.m. against hadronic showers is essentially based on 

their different lateral profile. The widths are about 8 cm and 80 cm respectively 

for e.m. and hadronic showers. The detector allows also to reconstruct with high 

precision the direction of e.m. showers. We shall see that this is a very important 

feature of the apparatus, in fact the v,,e events are kinematically constrained in a 

very small forward cone, while the background has a much wider angular distribu- 

tion. We have used calibration data taken in 1989 to improve the algorithms used 

to determine the direction so that the angular resolution is now v, compared 

with the value v given in [2]. 

The detector has been exposed to the CERN WB neutrino beam starting from 

1987. Neutrino and antineutrino runs have been alternated every few days to 

ensure uniform detector behaviour and a total of 2 x 10 19 protons on target have 

been collected in 87,88,89,90 runs. The analyses that will be presented here refer 

to 87,88,89 data (75% of the total statistics). 

The low Z of the target material allows a precise measurement of muon direc- 

tion, while the high granularity of the detector makes possible a detailed study of 

vertex activity. These characteristics of the CHARM2 calorimeter together with 

the muon momentum information have allowed us to study two leptonic processes 

in which the neutrino electron interaction gives rise to final states containing only 

muons and precisely 

1. Inverse muon decay. [3] 

++e--+p --+L+ 

2. Muon pair production in the electromagnetic field of a nucleus.[4] 

y+A+u+p ++p -+A 

This process, usually called neutrino trident production, can be seen from 

the point of weak interactions as v,,/‘ elastic scattering. 

We shall present in the following sections the result obtained until no from the 

CHARM2 Collaboration in the study of these purely leptonic neutrino processes. 

2. sin 26~ determination from v,, - e scattering 

The determination of the value of sin 20~ can be performed with high semi 

tivity, by measuring 

R = a(v,,e)/a(“,,e) = 

= 3( 1 - 4 sin 20, + 16/3 sin 40,)/( 1 - 4 sin 20, + 16sin 48,). 

High sensitivity can be obtained because, in the region of sin 20, =0.25, A(sin 28,) = 

1/8(AR/R). The use of R reduces the systematic error, in fact the efficiency of 

selections cancel out in the ratio and only the relative neutrino fluxes are needed. 

What we can measure in a real experiment is N V, the number of v-e scattering 

events in the neutrino beam and the equivalent quantity N V for the antineutrino 

beam. N Y will count events due to scattering of neutrino of any type contained 

in the beam. We can also measure 

i.e., the energy weighted flux ratio of the main components of the two beams. We 

define 

R “,S will reduce to R in the case of an ideal experiment with pure, mdnochromatic, 

equal energy neutrino and antinuetrino beams and its dependence on sin 20, 

is similar to the one of R with some loss in the sensitivity factor due to beam 

contaminations, kinematical cuts, etc. 
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The v,,e scattering events are characterized by a single electron emitted at a 

small angle with respect to the beam direction. In fact for these events 

EJI, 2 = 2m,(l - y) 5 2m, = 1Mev , y = 2 
” 

We have classified our events in terms of EB 2. In fact the spread of signal events 

in the EtJ 2 variable is almost energy independent since the angular resolution, 

that is the dominant smearing factor, goes as -&. 

The single electron showers have been selected asking for 

1. a narrow width high density shower and 

2. no vertex activity, i.e., hit in the first plane of the shower. 

The efficiency for selecting pure electrons events has been measured, using 

calibration data taken with an electron test beam, to be 0.76 (energy independent). 

Events have been selected in the energy range of 3-24 GeV. The low energy cut has 

been fixed by the trigger efficiency, the high energy one has been choosen taking 

into account the fact that at high energies the signal/background ratio deteriorates. 

The EI~ 2 distribution of the selected events is shown in figure 1. The neutrino 

electron peak is clearly visible at small values of Er3 2 over a smooth background. 

We have described the background in terms of v, quasi elastic interactions ( the 

u, contamination is of the order of 1%) and of single K 0 production. Both these 

processes produce an electromagnetic shower in the final state but their kinematics 

do not give any peaking at low values of EO 2. 

We have succesfully represented our data using these assumptions, a two di- 

mensional fit to E and EO 2 has been made and we have obtained the following 

result for the number of signal events: 1481f 56 (IY,, beam) and 1621f62 (v~) 

beam. 

To get from the number of events the ratio Rvis one has to compute the relative 

flux ratio F. Four different methods have been used: 
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1. measurement of the flux of muons accompanying the neutrino beam; 

2. measurement of the rate of quasi elastic “,, and p,, events at low Q 2; 

3. measurement of the rate of single x 0; 

4. measurement of the total number of neutrino interactions in both beams. 

The cross sections for neutrino and antineutrino in cases 2) and 3) are equal, 

and for case 4) is well known. The four methods give well consistent results and 

the F results to be 

3. Inverse muon decay 

F = 1.011 f 0.024 . 

We finally obtain 

sin 20~ = 0.240 f O.OOS(stat) * O.O08(syst) . 

There are various contributions to the quoted systematic error but the dominant 

one (0.007) is due to the background subtraction. 

Applying radiative corrections [5] we obtain, using the Sirlin definition, sin 20, = 

1 - Mw 2/M, 2, 

is a purely leptonic charged current process. Experimentally these events can be 

extracted from single muon events with small hadronic activity. Figure 2 shows 

the pr 2 distribution for events with E,, 2 10.9 GeV and Ehod 5 1.5GeV for v,, 

(solid line) and for iip (dots). The antineutrino spectrum has been normalized in 

the range 0.051 pr 2 SO,1 GeV 2. Th e insertion in the figure shows the small 

pr 2 region where the peak due to the inverse muon decay in the neutrino case is 

more clearly visible. The background is given by quasi elastic Y N events. Since 

at small pr 2 the differential cross sections of v,, and ii,, are equal, we have used 

the antineutrino spectrum to obtain the background under the IMD peak. The 

Standard Model (SM) cross section is predicted to be 

o = u,,E,(l - 532 . 

sin 20~ = 0.239 f 0.009 f 0.008 

This value can be compared directly to the value obtained from the neutrino deep 

inelastic data (61 

~0s = * GF2 = 17.23 x 10 -42cm 2GeV -1 is usually called the asymptotic cross 

section. Our experimental result is 

o., = (17.62 f 1.32)10 -42cm 2GeV -1 

sin 26~ = 0.230 f 0.004 f 0.005 Applying radiative corrections we obtain 

and from the collider data [7] oos = (18.16 f 1.36)10 -42cm 2GeV -1 

sin 20~ = 0.220 f 0.009 . 

A comparison with the mass of the 2, as measured by LEP, allows a test of radiative 

corrections at a level of two standard deviations.[l] I shall stress that this is still 

a preliminary result; the data collected in the 1990 run are not included in the 

analysis, more work on the systematics will go on and we hope to reach a final 

precision of 0.007. 

The inverse muon decay process (IMD) 

in good agreement with the SM predictions. Defining S as 

s = de.TP) ’ ----= 
b.s( SM) 

1.054 f 0.079 = ]GLr. VI 2 
I 

and comparing it with the result on the muon decay, ~]GLL S( 2 + (Ge I/( 2 5 1, 

we can constrain the scalar coupling of leptons to their neutrinos to be ]Gr,r. S] 2 5 

0.40 at 90% CL. 
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p: distribution for events with E,, ) 10.9 CeV and Ehad ( I.5 GeV for incident up (solid 
line) and G,, (marked with dots). The CP-distribution was normalized to the 
up-distribution in the range 0.05 c  p: < 0.1 GcVz/cz. The insertion shows the small p: 
region with the peak due to the inverse muon decay reaction. 

4. Neutrino trident production 

The diagrams for production of muon pairs in the electromagnetic field of a 

nucleus 

v+A+v+p ++p -+A 

are shown in fig 3. Both W  and Z exchange contribute and the measurement of 

the total cross section of this process will provide a direct test of the interference 

between the two amplitudes as predicted by the Standard Model. The total cross 

sections for neutrino and antineutrino are equal and can be exactly computed if 

the nuclear elctromagnetic form factor is known. Using a phenomenological form 

factor integrating over the energy distribution of our neutrino and antineutrino 

beams we expect 

c~*,,, = Il.9 f 0.4110 -41 cm 2 per nucleus 

The theoretical error is mainly due to the uncertainty on form factors and to the 

uncertainty on the contribution of non-coherent production. The kinematics of 

this process predict a small invariant mass of the dimuon system (5 2.5 GeV). The 

experimental signature of these events is a dimuon pair with no hadronic activity. 

Figure 4 shows the distribution of the vertex activity determined by the number 

of additional hits in the first ten planes following the vertex. The histogram shows 

a peak at low vertex activity for events having a dimuon mass smaller than 2.5 

GeV. We attribute this peak to the effect of trident production. The crosses are 

the distribution for events with dimuon mass bigger than 2.5 GeV; in this case no 

peak is seen. I 

The two distributions have been normalized in the interval 20-180 hits and 

assuming the same behaviour of the two distributions in the low activity region, 

we obtain an excess of 63 f 15 events due to trident production. After a small 

correction for contamination of coherent single pion production in which the pion 
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decays before interacting with no visible decay kink, taking into account detection 

efficiencies and neutrino fluxes we obtain the following result for the cross section: 

‘J,,~ = (3.0 + -O.g(stat) + -0.5(sysl)]lO -41 cm 2 per nucleus 

We can summarize our result in the following way: neutrino trident production 

has been experimentally observed for the first time with high statistical significance, 

the cross section is in agreement with the SM predictions; however the reached 

precision is not yet sufficient to demonstrate interference effects. 
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Recent Results from the three TRISTAN experiments 

Ryosuke Itoh 

Physics Division, KEK 

Abstract 

Recent results from the three TRISTAN experiments are presented. 
The measurements of the forward-backward asymmetry are reviewed. 
The results of QCD studies are discussed on the test of the existence 
of the triple gluon coupling and on the determination of A;i?s using a 
new Monte Carlo. The various studies on the fragmentation are also 
presented. 

1 Introduction 

The TRISTAN electron-positron collider has been running since November 
1986. The collision energy was gradually raised up from 50 GeV up to 64 GeV 

in 1989. The machine is currently running at 58 GeV to gain the luminosity. 
Three groups, AMY, TOPAZ and VENUS, are taking data at TRISTAN. 

The integrated luminosity taken by now is about 50pb-‘/group which corre- 
sponds to about 7000 hadronic events. The results presented here are based 

on this data. 
In the summer of 1990, the installation of micro-(? magnets wilI be done in 

the accelerator. The luminosity is expected to be doubled after the installation. 

The experiments will be resumed from the beginning of 1991 and will continue 

for 3-4 years. The goal of the experiment is to obtain data with the luminosity 

of about 300pb-’ for detailed studies on the electro-weak theory and the QCD. 
In this paper, I report the recent results from the TRISTAN experiments 

on three topics. The measurements of the forward-backward asymmetry are 
presented in section 2. Section 3 describes the studies on the QCD. The 
status of the studies on the fragmentation is given in section 4. The results 

are summarized in the last section. 
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2 Forward-backward Asymmetry 

2.1 Introduction 

The differential cross section of final state fermions produced in the e+e- 
annihilation can be written by the standard model in the form of 

. 
& = A,( 1 + cos20) + AlcmO . (1) 

Since the second term is related to the contributions from the intermediating 
2’ and the interference between 2’ and 7, the strength of 2’ contribution can 
be measured by observing the forward-backward asymmetry of the produced 
fermions. The forward-backward asymmetry is defined as 

AFB = 
$;12 (du(t9) - da(r - 0)) 

u 
3 AI -- . 

= 8 A,, (2) 

The parameters Ac, and Al can be written using the vector and axial-vector Figure 1: The forward-backward asymmetries of leptons, up and down type 
coupling constants of electrons and fermions (u,, VI and a., “1): quarks calculated from the standard model as a function of the collision energy. 

where 

g(s) = 
1 

( s 1 8sin2Bwcos20w s - Mi + iMzrz (5) 

VI = 2T3 - 4Q/sin2Bw (6) 
*I = 2T3 . (7) 

T3 is the third component of the weak isospin and Q, is the electric charge of 
the fermion. 

Figure 1 shows the forward-backward asymmetry as a function of fi cal- 

culated using the formula above. Due to the difference in the charge of final 

state fermions, there are three types of asymmetries. As seen from the figure, 
the asymmetry becomes very large in the energy range of TRISTAN. In par- 
ticular, the asymmetry of d-type quarks reaches its maximum in the energy 

range and therefore TRISTAN is a nice machine to study the asymmetry of 
bquarks. 

I I 

40 60 80 100 

EQI (GeV) 

2.2 Leptons 

The forward-backward asymmetry of leptons was measured for e+e- + /lp and 
rt. Fig. 2 shows the differential cross sections of /IF (a) and r? (b) measured 
by TOPAZ. The standard model predictions are also shown in solid lines. As 
seen, the measured data are consistent with the predictions. 

The asymmetry was determined by fitting the measured differential cross 
section to formula 1. Fig. 3 shows the average value of the asymmetry mea- 

sured by three TRISTAN experiments plotted as a function of &. Also shown 

are the measurements by PEP and PETRA experimentsjl]. All the measure- 

ments are well reproduced by the standard model predictions in both of p,!i 
and r? channels. 

2.3 bquarks 

The forward-backward asymmetry of bquarks is interesting at TRISTAN since 
the asymmetry becomes maximum at its energy range. 

The bquark events were identified by the leptons produced in the semi- 
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Figure 2: The differential cross sections of pp (a) and rf (b) measured by 
TOPAZ. Solid line shows the prediction by the standard model. 
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Figure 3: The measured forward-backward asymmetries of /JP (a) and r? (b) 
averaged over the three TRISTAN experiments are plotted as a function of 
the collision energy. The measurements by other experiments are also plotted. 
The solid line shows the standard model prediction. 



leptonic decay of blquarks. AMY and TOPAZ identified only muons while 

VENUS used electrons also in addition to muons. The contamination of lep- 
tons from the decay of c-quarks and from the cascade-decay of Cquarks was 

estimated using the Monte Carlo and subtracted from the data. Fig. 4 shows 
the pr distribution for inclusive muons by AMY. As seen, the distribution is 

well reproduced by the Monte Carlo. 
* The thrust axis of the event was defined as the direction of the primary 

bquarks. The charge of the quark was determined from the charge of the iden- 

tified leptoo. The differential cross section of bquarks measured by TOPAZ 

and AMY is shown in Fig. 5. A large asymmetry can be observed from the 
figure. The asymmetry wa determined in the same manner as for the leptons 
and obtained as 

A pi = -0.82 f 0.25 f 0.14 (AMY, 4 = 57.2GeV) 

-0.54 f 0.13 (VENUS, 4 = 57.9GeV(e), 58.5GeV(p)) 

-0.64 f 0.32 f: 0.10 (TOPAZ, & = 58.9GeV) 

where the values are not corrected for the B” - 86 mixing effect. 
Fig. 6 shows the obtained asymmetry plotted as a function of &. Mea- 

surements by the other experiments including the recent L3 result(21 are also 
shown. Although the data are not corrected for the B” - F mixing effect, 
the standard model prediction shown in the solid line well reproduces the 
measurements over the energy range from PEP to LEP. 

One interesting point of the asymmetry of bquarks is that the observed 

asymmetry 1s affected by the B“ - Be mixing. Due to the mixing, negative 

(positive) charged prompt leptons can be produced not only from b @)-quark 
decays, but also from 6 (6) quark decays. Therefore, the observed asymmetry 

is reduced as 

AOBS = (I- 2x)Ab 63) 

where .& is the true asymmetry and x is the a probability that a bquark 
becomes a &quark through the Bs - gb mixing, which is related to the mixing 
parameter as follows 

. dab sample 
- MC + iIt. 
-.- hadron fakes 
.I... ,,b 

1 2 3 4 6 
muon Pt (GeV/o) 

Figure 4: the pt distribution of inclusive muons measured by AMY. The Monte 
Carlo predictions are also shown. 
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fd and f, are the fractions of produced i+?d and B, bosons, respectively (fu + 

fd + f, = 1). The parameter r, is defined as 

r(Bf + p + X’) 
r, = 

r(B; + X) 

where i is one of d or s. 

-If th e value of At, is assumed to be the standard model value which is 

calculated using eq. 2, the value of the mixing parameter x can be extracted 
by fitting the observed asymmetry to formula 8 with a free parameter x. 

The measurements of the asymmetry of bquarks by PEP, PETRA[G] and 
TRISTAN were combined and used for the fit. The value of x was obtained 

from the fit as 0.131 f 0.054. The x was also measured using the di-lepton 
events by UA1[3], MAC[Q] and Mark-11[5]. The value of x averaged over all 

the measurements written above is 0.142!:&:. 
On the other hand, ARGUS[7] and CLE0[8] measured the mixing parame- 

ter of E-E (rd) from the decay of T(49). The average of two measurements 

is 0.169 f 0.038. 
Using eq. 9, the mixing parameter r, was estimated from the measured x 

and rd. The fd and f, in eq. 9 were assumed to be 0.375 and 0.15, respectively. 
Fig. 7 shows the la range of measured x and rd plotted in the r, - rd plane. 

As seen from the figure, r, is likely to be 1. Fig. 8 shows the allowed region 
of r, and fd calculated from the measured x and rd. From this analysis, the 
hypothesis that the r, is zero was excluded at 95% CL. 

2.4 c-quarks 

VENUS measured the forward-backward asymmetry of c-quarks by recon- 

StNChg D’. The D’ first decays to Do and rr, and then Do decays to I{- 

with one or more pions. VENUS reconstructed the decay channels of Do going 

+ + to K-r+, K-x+x’ and K-r r x -. Fig. 9 shows the msss difference between 
possible DOS and D’ candidates. A mass peak of D’ decay is clearly seen. 

The direction of the primary c-quark was determined from the direction of 

reconstructed D’ and the charge from the charge of D’. The angular distri- 
bution of the reconstructed D’+ is shown in Fig. 10. Although the statistics 

is rather small, a large asymmetry can be observed. The value of the forward- 

Figure 7: The lo regions of measured x and rd plotted in the r, - rd plane 
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Figure 8: The allowed region in the r, - rd plane. 
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backward asymmetry of c-quarks was extracted from the angular distribution 

and obtained as A, = -0.42+:::& 

2.5 Jets 

The measurements of the forward-backward asymmetry of an individual quark 

flavor are onlypossible for heavy quarks and the statistics is limited due to the 
small efficiency in the identification of the heavy flavor. Alternatively, the 

forward-backward asymmetry of jets in the hadronic events was measured 
where the asymmetries of all five flavors are combined. 

In the measurement of the asymmetry[9], the thrust axis of the event’was 
delined as the direction of the primary quark. The charge of the primary quark 
was estimated from the charges of decay products. All the charged particles 

in the events were divided into two hemispheres along the thrust axis and the 
jet charge Qj,f was calculated for each hemisphere using 

where q, is the charge of i’th charged particle with i running over all the 
charged particles in the hemisphere. The z, is the weighting factor. Some 

different parameters were chosen as this factor among three experiments. For 
example, TOPAZ used the rapidity with factor a = 0.8 as the weighting 

factor. The charge of the primary quark was defined so that the jet with a 

larger Qjet has a positive charge. Fig. 11 shows the differential cross section 

of jets measured by TOPAZ and VENUS. 

The forward-backward asymmetry of jets was determined by fitting formula 

1. The values obtained by three experiments were 

AFB = 0.097 f 0.025 f 0.019 (AMY, 6 = 57.2GeV) 

0.107 f 0.017 f 0.020 (VENUS, & = 57.9GeV) 

0.091 f 0.022 f 0.016 (TOPAZ, 4 = 58.lGeV) . 

Oi 
-1 -0.5 0 0.5 1 

cosejet 

- Fir Asp. - 0.107 + 0.017 + 0.020 

1K - - El Aaym. - 0.080 

10 

6 

VENUS 

n ” ’ ” s * ““‘. 
I , , , I 

-1 -0.a 0 0.6 1 
cod 

Figure 11: The differential cross section of jets measured by TOPAZ (a) and 
VENUS (b). The solid line shows the fit to the data while the dashed line is 
the standard model prediction. 
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Figure 12: The diagrams of the 4-parton final states, 

3 QCD 

3.1 Triple Gluon Coupling 

Since the QCD is based on the non-abelian gauge theory, the effect of the triple 
gluon coupling should be observed. In the e+e- annihilation, this effect can 

be observed in the 4-jet events. Fig. 12 shows the diagrams of the 4-parton 

final states. The triple gluon coupling is seen in the last diagram. Test of the 
existence of this vertex was difficult in the previous experiments since 4-jet 
events were not well resolved due to the large fragmentation effect. In the 

TRISTAN energy region, the fragmentation effect is relatively small and 4-jet 

events can be clearly distinguished. The existence of the triple gluon coupling 
was tested by the experiments at TRISTAN[lO] for the first time. 

When a quark emits a gluon in the bremsstrahlung process, the spin of the 

quark does not flip since the coupling between the quark and the gluon is the 

vector-coupling. Therefore, the spin component of the emitted gluon (g’) is 
zero with respect to the direction of the quark. To conserve this spin compo- 

nent, the gluons split from this gluon (g’ + gg) go preferably in parallel with 

the direction of the quark while the split quarks (g’ -+ qq) go perpendicular 
to the direction. So the angular distribution of 4-jet events becomes different 

between the cases with and without the triple gluon coupling. 
To study the angular distribution of 4-jet events, two observables were used 

by TRISTAN experiments. The first is the azimuthal angle xoz[ll] between 
the planes formed by jets1 and 2 and by jets3 and 4 where the jets are ordered 

according to their energies; El 2 Ez 2 Es 1 Ed. The jets1 and 2 are likely 

to be the primary quarks due to the bremsstrahlung character. Because of 
the spin conservation effect, the angle xoz is relatively small for the events 
originated by the triple gluon vertex, while the angle becomes large for the 

events with split quarks. 
The second is cos8~,[12]. This observable is defined as 

cose’NR = l($i-ri;)~(P;-ii)l 
I6 - filEi -PI (12) 

where pi is the momentum vector of i’th jet. This observable does not suffer 
from hard cuts which is required in xnz and was used as a complementary 
observable to xoz. 

To select 4-jet events from the hadronic event sample, AMY and TOPAZ 

used the JADE clustering method[lJ] while VENUS used the Lund clustering[l6]. 

In the JADE clustering, AMY set the cut-off in the scaled invariant mass of 

the jet (yNL) at 0.024 while TOPAZ at 0.02. VENUS set the distance param- 

eter of the Lund clustering (d+,) at 2.5 GeV. The numbers of selected 4-jet 
events are 139 by AMY, 157 by TOPAZ and 345 by VENUS. 

In order to test the existence of the triple gluon vertices, the distribu- 

tions of the observables were compared with the model predictions with and 
without triple gluon vertices (called the non-Abelian model and the Abelian 
model, respectively). AMY and VENUS obtained the model predictions using 

the Monte Carlo based on the QCD matrix element. AMY used the matrix 

calculated by F. Gutbrot et al. (GKS)[14] while VENUS used the calculation 
by R.K.Ellis et al. (ERT)[15]. These QCD matrix elements were combined 

with the Lund string fragmentation model[l6]. The model predictions were 
obtained by turning on and off the triple gluon coupling term in the QCD ma- 
trix. On the other hand, TOPAZ compared the distributions of data directly 
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non-Abelian model (QCD) Abelian model 
color factor (CF) 5 1 
gluon colors (NC) 3 1 

fraction of q@g 28.4% 65.5% 
fraction of qQ(g’ +)QQ 5.4% 34.5% 
fraction of qq(g’ -+)gg 66.2% 0% 

Table 1: The difference between the non-Abelian and Abelian models. Values 
are from the model used by VENUS. 

with the theoretical calculations by M.Bengtsson[lZ]. 
The differences between the Abelian and non-Abelian models are summa- 

rized in Table 1. In the Abelian model, the color factor is set to be 1 and 
the number of gluon colors to be 1. The fractions of the contributions of 4-jet 
diagrams in both models are also shown in the table. 

In the TRISTAN experiments, the first result was obtained by AMY. 

Fig. 13 shows the distributions of ,YBZ and &, measured by AMY. As seen, 
the data are consistent with the model in which triple gluon vertices are taken 
into account. From the Sk, distribution, the Abelian model was excluded at 

90% CL. 
Since TOPAZ compared the data with the theoretical calculations directly, 

they checked that the calculation can reproduce the Monte Carlo data to 
justify the comparison. Fig. 14(a) shows the Monte Carlo data generated 
using the QCD matrix calculated by Gottshalk and Shatz[l’l]. Triple gluon 
vertices are taken into account in the matrix. The theoretical calculations with 

and without triple gluon vertices are also shown as histograms. As seen, the 

theoretical calculation with triple gluon vertices well reproduces the Monte 

Carlo data and the direct comparison is justified. The 0&, distribution for the 
data of TOPAZ is shown in Fig. 14(b) plotted with the theoretical predictions. 
The distribution is consistent with the prediction with triple gluon vertices. 
The Abelian model was excluded at 95% CL. 

VENUS also compared the distributions of xoz and Sk, with the model 

predictions as shown in Fig. 15. From the comparison, the Abelian model was 

excluded at 95% CL. They also obtained the model independent limit to the 

L QCD x 

I 
_----c----- 

Abelian 
r 

XBZ 

“O: 40 - 40 - --I --I 

T T 

30 - 30 - Abelian Abelian - - - - - - -.- -.- 
--m---. --m---. 

20- 20- v I v I 

!k QCD !k QCD 
I I 

10 - 10 - (b) (b) 

o*“‘,‘l”““““““‘.,’ o*“‘,‘l”““““““‘.,’ 
0 0 0.2 0.2 0.4 0.4 0.6 0.6 0.6 0.6 1 1 

coseNR. 

Figure 13: The distributions of xor (a) and 0>, (b) measured by AMY. The 
Monte Carlo predictions with and without triple gluon vertices are shown in 
the solid and dashed lines, respectively. 
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Figure 14: Fig.(a) shows the distribution of OhR for the Monte Carlo events 
while fig.(b) for the data obtained by TOPAZ. The theoretical predictions 
with and without triple gluon vertices are shown in the solid and dashed lines, 
respectively. 
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Figure 15: The distributions of XBZ (a) and &, (b) measured by VENUS. 
The solid and dashed line shows the Monte Carlo predictions with and without 
triple gluon vertices. 

- 393- 



I 

fraction of each I-jet diagram. In their model, the fractions are expressed as 

functions of the ratios N,/CF and TR/CF where N, is number of gluon colors, 
CF is the color factor and TR is the flavor factor. The result is shown in Fig. 16. 

In conclusion, the existence of the triple gluon coupling was confirmed and 

the model without triple gluon vertices was excluded at 95% confidence level 

by TRISTAN experiments. 
. 

3.2 Determination of Am Using NLL MC 

To determine the Am in the e+e- annihilation, the Monte Carlo based on 
the QCD matrix element of order of Q: has been used. The distributions of 
various event shape parameters are compared with the data and the value of 

o. in the Monte Carlo is determined from the fit. The Aji?~ is derived from 

the determined value of Q,. 
However, this method has several problems. Since the 4-jet cross section 

in second order has only contributions at the tree level, the Monte Carlo can- 

not reproduce the 4-jet cross sections of the data properly. Therefore, some 
corrections for this effect are necessary in the determination of Q,. The frag- 
mentation dependence is another problem. In the Monte Carlo, the partons 
generated using the QCD matrix are converted into hadrons according to a 
certain fragmentation scheme. Since QCD matrix cannot produce more than 
4 primary partons, the distribution of resulting hadrons has a large depen- 

dence on the fragmentation scheme. The translation from cz. into Am also 
has a theoretical difficulty since the energy-scale parameter p in the relation 
between the Am and Q. is not well-defined. 

The Monte Carlo based on the parton shower can be an answer to these 

problems. In the parton shower model, because of the iterative use of the 

Altarelli-Parisi splitting functions, the parton shower evolves with an unlimited 

number of partons until the QZ of the parton system becomes less than a cutoff 
value (typically N 1GeV2) . Therefore the model can well reproduce the $-jet 

cross sections and is relatively insensitive to the fragmentation scheme. For 
example, the Lund JETSET 6.3[16] . IS one of the widely-used Monte Carlo 
based on the parton shower. 

However, the parton shower models currently being used are based on the 

leading-log approximation (LLA-PS)[IS]. This approximation can be written 
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Figure 16: Experimental bounds on the fractions of 4-jet diagrams. The 
shaded area shows the excluded regions at 95% CL by xnz and $,. 



in the form of 

c s(a,Zo& . (13) 
n=o 

As seen, the second order coupling is not included in this approximation and 
the renormalization scheme cannot be specified. Therefore, Am cannot be 

defined in the LLA-PS. . 
Recently, the parton shower model was extended to the next-to-leading-log 

order (NLL-PS) by T.Munehisa and K.Kato[lS]. The extension was done in 

the form of 

where the second order coupling is included. Since the renormalization scheme 

can be specified in this approximation, the Am can be properly defined in the 
model. The determination of Am using this NLL parton shower model was 

done by all three experiments at TRISTAN[20]. 

The NLL-PS was combined with two fragmentation models to form a Monte 
Carlo (NLL Monte Carlo). One is the Lund string fragmentation[l6] done 
by T.Kamae et al.1211 This was used by AMY and TOPAZ. The other is 

the EPOCS string fragmentation(221 d one by T.Watanabe which was used by 

VENUS. 
Fig. 17 shows the distributions of the momentum fraction and the thrust for 

the hadronic events of VENUS plotted with the predictions by the NLL Monte 

Carlo. The data are well reproduced by the Monte Carlo. Fig. 18 shows the 

PF and P+“’ distributions of AMY. The predictions by various Monte Carlo 

simulations are also shown. As seen, the distributions are well described by 
the NLL Monte Carlo as well as the Lund JETSET 6.3. 

The determination of A, was done by comparing the S-jet fraction (R3). 

The JADE clustering was used to measure the R3 since the R3 becomes rel- 
atively insensitive to the fragmentation when the method is used[23]. Fig. 19 

shows the fractions of 2, 3, 4 and 5 jet events by VENUS as functions of Y,,~ 

where yN( is the cut-off parameter in the scaled invariant mass of the jet. In 
the figure, solid lines and dashed lines are the predictions with and without the 

fragmentation, respectively. The difference between these two predictions is 

small and the dependence on the fragmentation is confirmed to be negligible. 
Fig. 20 shows the values of Am determined by VENUS as a function of y,,,. 

IO 

10 

16 I..,,I,*,,I..,,I..t, 

0.2 0.4 0.6 0.8 I 

xp = 2p/JJ- Thrust 

I.. . I.. . .L. I. 
0.5 0.6 0.7‘ 0.8 0.9 1 

Figure 17: The distributions of the momentum fraction and the thrust mea- 
sured by VENUS. The solid lines show the predictions of the NLL Monte 
Carlo. 
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The determined Am is stable for the variation in y,r. 
In the determination of Am, the R3 value at y,r = 0.08 was used. The 

measured R3 was compared with Monte Carlo predictions with various Am 
values. The Am was determined from the value where the measured R3 is 
reproduced. The determined values by three groups are 

. 
Am= 240 f 70 f 6OMeV (AMY, Lund fragmentation) 

254::: f 56MeV (VENUS, EPOCS frg.) 

232?$i(atat. + aya.)MeV (TOPAZ, Lund frg.) . 

4 Fragmentation 

4.1 Heavy Quark Fragmentation 

Since hadrons originated from heavy quarks carry a large fraction of original 

energy of the quarks, the fragmentation function of heavy quarks has a peak 
at large z where z is defined as 

Ehodton 
*=-. 

E quark 
(15) 

The average energy fraction < z > of heavy-flavored hadrons can be given in 
the form off241 

(1’3) 

where rep is the mass of the heavy quark. From this formula, < .z > for the 

b-quark is expected to be larger than that for the c-quark. 
AMY group estimated < z > values for c and b quarks using the prompt 

leptons produced in the decay of heavy quarks. The longitudinal momentum 
component of the lepton reflects the momentum of the heavy hadron while 

the transverse component carries the information of the heavy quark flavor 

of the hadron. Therefore, from the simultaneous fit to the longitudinal and 
transverse momentum spectra of the prompt leptons, the < z > values for c 
and b quarks can be estimated. 

Although the measurement of the energy of the initial quarks is necessary 

to obtain the energy fraction z, the energy is not directly measurable. So AMY 

used ZE instead of z where 2~ is defined as 

E hcldra 
ZE=- . 

EbW (17) 

The inclusive muon events were used in this analysis. The two dimensional 

distribution of the momentum and the transverse momentum (p,pf) of muons 

was obtained for the events. The distribution was fitted by the expectation 
function parametrized as a function of fragmentation functions of c and b 
quarks. The Peterson function[25] was used as the fragmentation function 

which has the form of 

h(z) = Iv z(z - $ - A)’ * w 
Fig. 21 shows some of the results of the fit. From the fit, c, for c quarks 

and cb for b quarks were determined. Obtained values are 

cc = 0.197+;:g; 

y = 0.017:;:;; . 

Using these values, < 2~ > for c and b quarks were estimated to be 

< =E >c = 0.57 f 0.06 

< ZE >b = 0.77+“,:$ . 

4.2 Jnclusive Cross Sections of Charged Particles 

The inclusive cross sections of xi:, K* and p, p in the e+e- annihilation 

are good measures to study the fragmentation model. VENUS and TOPAZ 

measured these cross sections at TRISTAN. 
In the measurement by VENUS, the particle identification was done by 

measuring the time of flight (TOF) of the particle. Fig. 22 shows the result 

of VENUS. As seen from the figure, the Lund model(lb] well reproduces the 
data in this region. Since the particle identification by TOF is limited to the 
momentum range less than - lGeV/c, their study is restricted to very low 

region of the energy fraction. 

On the other hand, TOPAZ identified the particle species by the simul- 
taneous measurements of the energy loss and the momentum of the particle 
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Figure 21 Results of the fit to the p and pt of inclusive muons. 
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Figure 22: The inclusive cross sections of s*, K* and p, p measured by VENUS 
as a function of the energy fraction of the particle. The predictions by the Lund 
Monte Carlo are also shown. 

using the time projection chamber. Fig. 23 is the so-called TPC plot. As seen, 

pions, kaons and protons are clearly separated in the momentum region below 
1 GeV/c. In the relativistic-rise region, statistical fits were done to obtain the 
number of each particle species. The dE/dz distribution in a momentum bin 

was fitted by the sum of gaussians corresponding to electrons, pions, kaons and 

protons. Fig. 24 shows an example of the statistical fit. The number of each 
particle species was calculated from the obtained parameters of the gaussian. 

The measured cross sections are shown in Fig. 26 as a function of the 

momentum fraction. The data are consistent with the Lund predictions[l6] 

in the measured range. However, the error bars are still large for kaons and 
protons with high momentum fractions and more statistics is necessary for 
further studies such as the study of the baryon production. 

4.3 Bose-Einstein Correlation in Pion Production 

Since pion obeys the Bose-Einstein statistics, the enhancement in the produc- 

tion of pions which have the same charge and the similar momentum should 
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Figure 23: The dE/dx distribution as a function of the momentum measured 
by TOPAZ. This plot is called the “TPC-plot”. 

Figure 24: The result of the statistical fit to the dE/dx distribution in the 
momentum range from 2.62 GeV/c to 3.67GeV/c. The distribution is fitted 
by the sum of gaussians corresponding to electrons, pions, kaons and protons. 
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Figure 25: The inclusive cross sections of x*, K* and p, p measured by TOPAZ 
as a function of the momentum fraction of the particle. The solid lines show 
the predictions by the Lund Monte Carlo. 
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be observed in the hadronic final states of e+e- annihilation (Goldhabor- 
Goldhabor-Lee-Pais (GGLP) effect)[26]. AMY studied this effect in the hadronic 

event sample. 
Fig. 26 shows the ratio of the same and opposite charged particle pairs 

in the hadronic final states u a function of the square of the momentum 
diffefence in the particle pair (Q’). Th e enhancement in the production of the 

same-charged particle pairs can be seen in the low Qs region. 
The correlation effect was parametrized in the form of 

R(Q’) = Ns(1 + fr(Q’)k-g*P)(l + rQ*) . 

R(Qz) is the ratio of the numbers of the same and opposite charged pion pairs. 

fW(Q2) is the correction function for the contamination of kaons and protons 
estimated using the Monte Carlo. X and & are the parameters in the Bose- 

Einstein correlation function. X stands for the strength of the correlation while 
& means the average size of the source. Ns is the normalization factor of the 
ratio and -y is the correction factor for the long range correlation. 

By fitting the measured distribution to this function, the Bose-Einstein 

correlation parameters were obtained as 

A = 0.60f0.13f0.08 

R, = 1.18~0.17f0.10(fm) . 

5 Summary 

s Charge asymmetries were measured for the final state rji, rt, cZ, bb 
and jets. The obtained results were consistent with the standard model 

predictions. 

l Bf - q mixing parameter was estimated from the measured asymmetry 
of b quarks combined with the other measurements of B” -p and I?: - 

z mixing parameters. The hypothesis that Bi - p mixing parameter 
is zero was excluded at 95% confidence level from this analysis. 

s The existence of the triple gluon coupling was tested using the 4-jet 

events. The angular distribution was consistent with the non-Abelian 

Figure 26: The ratio of the same and opposite charged particle pairs as a 
function of a square of the momentum difference obtained for the hadronic 
events sample of AMY. 
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(QCD) mode1 which includes the triple gluon coupling. The Abelian 

model ww excluded at 95% confidence level. 

l The value of Am was determined using the Monte Carlo with the parton 
shower mode1 based on the next-to-leading-log approximation. 

l Various studies on the fragmentation were done. However, more statis- 
. 

tics is necessary for further studies. 

The author is grateful to the physicists of all TRISTAN experiments for 

providing the materials of this talk and for the fruitful discussions. 
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Abstract 
In the standard model, baryon and lepton number are not s,trictly con- 

served, due to anomalies. It has long been known that at 10~ energies, the 

resulting baryon number violating amplitudes are extraordinarily small. A num- 

ber of authors have suggested that at high temperatures or energies, baryon 

number violating effects should be enhanced. We give simple! arguments that 

while baryon number violation is indeed large at high temperatures, there is no 

such enhpncement at high energies. 

l Work supported in par1 by t,he U.S. Department of Energy 
+ on leave of ahsmce from the City College of CUNY 

0 M. Dine 199 I 

-- 



We are all well aware that baryon number is conserved in nature to an 

extraordinary degree of accuracy. On the other hand, grand unifed theories 

and string theory predict that there should be some small violation of baryon 

number in the microscopic equations of motion, and the existence of an asym- 

metry between antimatter and matter strongly suggests that such a violation 

exists.’ Even in the standard model, baryon number is not strictly conserved. 

At very low energies, the violations of baryon (and lepton) number predicted 

by the model were computed by ‘t Hooft. ’ Fortunately, they are unobservably 

small. This is because baryon number violation in the standard model is associ- 

ated with tunneling through a large barrier. This tunneling can be described by 

familiar semiclassical methods and leads to exponentially small amplitudes. At 

sufficiently high energies and temperatures, however, one might wonder whether 

these effects could be enhanced, since enough energy would be available to pass 

over the barrier without tunneling. Perhaps the first concrete suggestion along 

these lines was due to Klinkhammer and Manton. These authors found the 

configuration corresponding to the top of the potential barrier (a static field 

configuration know as the “sphaleron”) and computed the barrier height. They 

speculated (as we will see correctly) that at high temperature, it would be rel- 

atively easy to pass over the barrier, but that at high energies it would be 

extremely difficult. 

Subsequently, Kuzmin, Rubakov and Shaposnikov (KRS) elevated the spec- 

ulations concerning high temperature baryon number violation to a set of serious 

ca1culations.4 Further works verified and fleshed out this picture.5s KRS also 

speculated that there might be an enhancement of the cross section for high 

energy scattering, and/or for decay of heavy particles. The idea of high energy 

enhancement has received support recently from a set of instanton calculations 

by Ringwald7 and Espin0sa.s These authors discovered that, at least for some 

range of energy, the total cross section grows exponentially with energy from its 

infinitesmal low energy value. McLerran, Vainshtein, and Voloshing have argued 

that this exponential growth persists until the cross section saturates the unitar- 

ity bound, at energies possibly as small as 10 TeV! In these high energy activated 

tunneling processes, a pair of quarks, for example, would scatter producing three 

leptons and another 7 quarks, with a net violation of lepton number by -3 units 

and baryon number by 3 units. Perhaps even more striking, however, would 

be the production of a huge number [of order &, where ~2 is the SU(2) gauge 

coupling] of Iv’s, Z’s and Biggs bosons. 

In this lecture, we will perform a very simplecalculation, directly in Minkowski 

space, which reproduces the results of Ringwald and Espinosa.” We will see that 

their answer can indeed be understood as resulting, in part, from a reduction 

with energy in the penalty one pays for tunneling over the barrier. However, we 

will also see that there is a suppression, coming from the difficulty in coupling 

to the mode which describes motion over the barrier. At energies low compared 

to the barrier height, the enhancement of the tunneling factor “wins,” and the 

cross section grows exponentially rapidly, in precisely the fashion given by the in- 

Stanton calculations. However, this cannot persist indefinitely; the cross section 

remains exponentially small at all energies. 

In order to understand the issues involved, it will be helpful to review the 

question of baryon number violation at low energies in the standard model. At 

the classical level, the lagrangian of the theory preseves baryon number and the 

separate lepton numbers. Indeed, one of the elegant features of the standard 

model is that there is no dimension four (renormalizable) operator one may add 

to it which violates these quantum numbers. At the quantum level, however, 

these symmetries are violated. This breakdown of symmetry is associated with 

the phenomenon of Uanomalies,n familiar from rr” -+ 2-y decay. Before consider- 

ing the full standard model, consider first a simpler theory: SU(2) gauge theory 

with a single ncassless Dirac doublet. The Lagrangian density is 

1: = -iF$ + i&fL$,ll, . 

This theory possesses, at the classical level, two global U(1) symmetries, 

1c, -+ e’“l/, II, -+ t?p 

with corresponding currents 

j: = NV 

(1) 

(2) 

(3) 
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Figure 1. ‘lkangle diagram gives rise to anomaly in axial current. Solid linea 
denote fermions, wavy lines are gauge bceons; X  denotes insertion of current. 

Quantum field theories are rather singular objects, and at the quantum 

level, it is not possible to enforce conservation of both the vector and axial 

currents. The triangle diagram of fig. 1, with an insertion of the axial current, 

j!, at one vertex, and gauge bosons at the other two vertices, is badly behaved 

in the ultraviolet, and care is required in its definition. One usually defines the 

theory so that the vector current is strictly conserved (in general, for consistency, 

one must define the theory so that any gauged currents are conserved), but the 

axial current is anomalous. The divergence of the axial current is given by 

apjP5 = 92  32r2 e,, ,paFPVFPo 

= &F,,jpv . 

One might think that having uncovered this anomaly, the axial charge, 

QA = Jd3rjo5 
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would simply not be conserved. However, the situation is more subtle, for an- 

other conserved current exists. By straightforward algebra, one can show that 

Fp is a total divergence, 

FF  = L&lip (5) 

where 

Ii’ = c rvpaTr(Aut=IpAo + ;AvAoA,l . 

Thus one can define a conserved current, 311 = jr ’ - &lip, which obeys 

I$,?“ = 0. On the other hand, 3“ is not gauge invariant. In particular, it 

is not always true that the potentials fall fast enough at infinity to allow one 

to neglect surface terms (field strengths and similar gauge-invariant objects do 

always fall rapidly to zero at infinity). The problem, which will be discussed in 

more detail below, is most easily phrased in the language of the Feynman path 

integral. There one sums over all possible histories of the gauge (and other) 

fields, weighted by 8. In other words, one sums over all possible classical field 

configurations (not necessari ly solutions to the classical equations of motion). It 

turns out that there are important classical configurations, known as instantons, 

for which 

9” - JAFF=~ 
16~2 

so that AQs = n. ‘t Hooft showed that in this theory, these instanton configu- 

rations lead to an effective interaction for the massless fermions, 

(6) 

Here c is a numerical constant. This interaction explicitly viblates the axial 

symmetry. However, the coefficient is exponentially small for small coupling. 

The generalization of all of this to the standard model is straightforward. 

Denote the left-handed quark and Iepton doublets by Qi and L,, respectively, 

where the subscript is a generation index. Written as four component spinors, 

these particles couple to It’ bosons with the usual f(1 - ys) coupling. The 



right handed singlets can be described in terms of their left handed antiparticle 

counterparts, ut, d: and e!. These fields do not couple to the SU(2) gauge 

fields. Classically, baryon number conservation arises due to the symmetry of ’ 

the lagrangian under the phase rotations 

Correspondingly, the baryon number current is 

(7) 

Now, consider the triangle diagram involving the current, ji, and two SU(2) 

gauge bosons. Only the Q fields appear in this diagram, since only they couple 

to the gauge bosons. As a result of the 75’s appearing here, the diagram is 

anomalous. Similar remarks apply to lepton number. However, it is easy to see 

that B - L is conserved. In the case of the standard model, ‘t Hooft calculated 

the leading baryon number violating term in the low energy effective lagrangian 

for the fermions due to instantons. For three generations (making, for simplicity 

the drastic approximation of neglecting the top quark mass), this term takes the 

form: 
14 

e-zQ;Q;Q; . . .&;&$&jr;, LzL3 . 

Here the subscripts on the quark and lepton fields represent generation in- 

dices; the superscripts represent color indices, and we have suppressed SU(2) 

indices.All of these indices must be contracted in a suitable way, but the details 

will not be important to us. 

While interesting, this result, as it stands, is only a theoretical curiosity. 

The exponential factor is a number of order lo-“, so the corresponding cross 

section for such processes is extraordinarily small. On the other hand, this 

effective action is relevant only at energies small compared to the W, 2, and 

Higgs boson masses. At these low energies, the effective action is obtained by 

first solving for the dynamics of the heavy fields in terms of the light fields; this 

-4 -2 0 2 4 
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Figure 2. Schematic drawing of vacuum structure of a non-abelian gauge theory. 

is known as 5ntegrating out” the heavy fields. At higher energy scales or at 

very high temperatures, we must study the dynamics of the complete system. 

In particular, it is not a priori obvious that at extremely high energies, baryon 

violating processes will be so drastically suppressed. 

In order to address this question, it is necessary to understand why the 

amplitudes at low energies are so small. Consider first a pure gauge theory 

(i.e., a theory with no fermions, or with only massive fermions with vector-like 

couplings). An Abelian gauge theory, like QED, has a very simple structure. 

Once one has made a suitable gauge choice, the ground state wave function is 

simply a Gaussian centered about the classical zero energy configuration, A,, = 0. 

This is not the case in a non-Abelian theory. Here, the classical condition for 

vanishing energy, f$ = 0, has, loosely speaking, an infinite set of solutions 

even in a fixed gauge. Correspondingly, there is a large set of degenerate vacua, 

indicated schematically in fig.2. These vacua are labeled by an integer, Ncs, 

referred to as the Chern-Simons number, and are separated from one another 
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by a barrier.* In a suitable gauge, the Chern-Simons number is related to the 

current, I(’ we encountered above through 

The figure is schematic, since we are really dealing with a system with an infinite 

number of degrees of freedom (for a free field, the infinite number of harmonic 

oscillators). 

In weak coupling, tra.nsitions between these states will occur through tun- 

neling. To estimate the tunneling amplitude, we first consider the case where 

the Higgs mass is of order the gauge boson mass (i.e., where the Higgs quartic 

coupling, X, satisfies X - s2). In this case, we can rescale the various bosonic 

fields: 

Then $ sits out front of the bosonic part of the lagrangian, i.e., 

1 
Lbase = 7 (-;F;v + Pd12 - V(O; $1) . 

(11) 

(12) 

As a result, the classical equations don’t involve 9. We can obtain the tunneling 

amplitude by analogy to ordinary single particle quantum mechanics.” There, 

to compute the barrier penetration factor, one solves the equations of motion for 

the system with imaginary (“Euclidean”) time, with boundary conditions such 

that in the far past the system is in one ground state, and in the far future it is in 

the other. In field theory, the corresponding solution is known as an “instanton”; 

for gauge theories, solutions of this type were first written down long ago.r2 We 

will denot,e such solutions generically by &(Z,T), where 4 denotes a generic 

bosonic field (i.e., it may refer to a scalar or to a gauge boson). Noting the 

* This drscription is really olTiy appropriate for weakly coupled theories. It is useful for 
discussing a theory like the electroweak theory, hut it is not approprate for analyses 
of QCD. III addition, in order to form states with suitable clustering properties, it is 
nrcrssary t,o srlperpose these so-catted “n-vacua” to form Btoch waves, the “8.vacua.” Att 
of the discussion of these tertmes is easily rephrased in these t,wms. 

o- 
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Figure 3. Schematic of potential in theory with fermions 

form of the action in eqn. (12), the action of the instanton, Scr, is necessarily 

proportional to -$. As in ordinary quantum mechanics, the amplitude goes as 
e-sd 

By similar scaling arguments, we can determine the energy of ‘the field 

configuration at the top of the barrier, the so-called “sphaleron.” Th’is is a static, 

unstable solution of the field equations, with a single negative mode. Again, since 

the coupling constant does not appear in the lagrangian, while the Hamiltonian 

is proportional to 5, its energy is necessarily of order 5 - 10 ?eV. 

In theories with massless fermions, the situation is more complicated, due 

to the anomaly. Again, there are, at the classical level, an infinity of zero energy 

configurations, separated by a barrier, and labeled by an integer. Ii owever now, 

as a consequence of the anomaly, these different states carry different values of 

the non-conserved charge (baryon number). To see this, recall that the conserved 

charge is given by 

0 = Qs+ Ncs . 
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Figure 4. Particle in a periodic potential. Vo is the potential barrier; w is the 
curvature near the minima. 

Thus bosonic field configurations which differ in their value of Ncs (those con- 

nected by the instanton solutions) differ also in their value of the charge Qs, since 

they must have the same value of Q. There is no reason that states with differ- 

ent baryon number need be degenerate at the quantum level. Indeed, because 

of the exclusion principle, states with more baryons have higher energy. This is 

indicated in fig.3. The system can still tunnel between the various states. How- 

ever, from the figure it is clear that this tunneling is accompanied by a change in 

the baryon number. This is the origin of the baryon-number violating effective 

interaction found by ‘t Hooft. This picture also makes clear the reason that the 

effect is so extremely small: the barrier penetration factor is proportional to the 

exponential of (minus) the instanton action, which is proportional to $. 

Since baryon number violation in the standard model is a problem of barrier 

penetration, the question naturally arises: while the effect is exponentially small 

at low energies and temperatures, might it be enhanced at energies or tempera- 

tures comparable to or greater than the barrier height? Clearly if one can kick 

the system in a suitable way, passage over the barrier will be a classically allowed 

process, and there will be no significant suppression. The question is: hat con- 

stitutes a suitable kick? To get some insight into this problem, consider a one 

dimensional quantum mechanical system, with a periodic potential (fig. 4 ). At 

zero temperature, the system can pass from one well to another by tunneling. 

Suppose, now, that the system is placed in thermal equilibrium with a heat bath 

at a temperature T >> ws. This is the regime of classical statistical mechanics, 

so one can use the Boltzmann distribution. The probability to find the system 

near the top of the barrier is simply e -ph. Thus the rate for passage over the 

barrier quickly becomes much larger than the tunneling amplitude for the low 

lying states. At temperatures greater than or of order the barrier height, the 

rate simply becomes of order one. 

KRS suggested that this is a correct analogy for field theory.4 In particular, 

once the temperature of the system is large compared to the typical masses, the 

barrier penetration rate, they argued, can be estimated using classical reasoning, 

and is proportional to e-pE8p. There has been much discomfort with this rea- 

soning. In particular, it has been suggested that the simple quantum mechanics 

analogy is not relevant to field theories with their infinite number of degrees 

of freedom. However, in the last few years, the correctness of this picture has 

become firmly established.‘s6 

Can one similarly enhance the rate by scattering particles with very high 

energies? In particular, can scattering of two high energy particles lead to pas- 

sage over the barrier and to baryon number violation? Before attempting to 

attack this question in field theory, let us again try to construct a quantum me- 

chanical analog. A  suitable model for this problem requires at least two degrees 

of freedom, one of high frequency and one of low frequency. Such a model has 

been developed and analyzed by Singleton, Susskind and Thorlacius.‘3 We will 

consider a simpler model here: couple the original quantum mech 
B  

nical variable, 

Q, to a high frequency oscillator, with coupling 

HI(q)cosd 

with w >> ws. Assuming the coupling is weak, we can evaluate the cross section 

for transitions across the barrier using Fermi’s golden rule. For this, we need the 
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written as a I:cyruxm path integral, 

/ 
[d4le- 

a!I 
h 4(x1). #J(G) . 

Here the integral is written over all possible histories of the field, $(z, 1), where, 

because we are in Euclidean space, there is no factor of i in the exponential. 

In the classical limit (h + 0), the path integral is dominated by the stationary 

points of the exponential, i.e., the field configurations, &,, for which &$ = 0; 

these are just the classical solutions of the Euclidean equations of motion, i.e., 

the “instantons.” (More precisely, the instantons are the classical solutions of 

finite action.) Near these points in field space, we expand 4 = bC, + 64. The 

integral over &#J is approximately gaussian. 

The leading semiclassical approximation consists of keeping terms up to 

quadratic order in 64. Any finite action solution is necessarily localized in space 

and time, so instanton solutions are not translationally invariant. Translational 

invariance is reflected by the fact that if &I is a solution, so is C&(X - IO). To 

obtain translationally invariant results for physical quantities, it is necessary to 

integrate over 10. Thus in the leading semiclassical approximation, the Green’s 

function appearing in the LSZ formula is given by 

< l#l(Zl) . . (b(2”) >= 0-s 
J 

dzobcr(zl - ~0). . . dd”n - ~0) . (19) 

The constant c represents the result of performing the Gaussian integrals over 

the fluctuations 64. Actually, we need the Fourier transform, 

ce -so 
/ 

dzl . dz,,dxo&,(zl - IO). . &(z,, - z~)e’p”2’~~~‘pn’zn . (30) 

Shifting zi -t zi + 50, the amplitude factorizes, giving simply 

Because of this factorization, the amplitude is only a function of the various pf, 

and is completely independent of the invariants p, . pj for i # j! As a result, 

the analytic continuation back to the mass shell, pt = m2, is almo trivial. 

It is not hard to show that the Green’s function has the correct pbles. At 

large distances, the solution &t must behave like the free Green’s function, i.e., 

dCl(?- 200) + nG’(& 50). The fourier transform thus has poles at p2 = m2. On 

the other hand, the amplitudes are independent of the center of mass energy, 

and all other interesting invariants! To obtain the cross section, one just needs 

to know how the amplitude for the emission of n particles depends on n, and 

the form of the n particle phase space. For the total cross section, one obtains9 

(22) 

This grows rapidly with energy. If we take the result literally up to energies of 

order f, the second factor can become comparable to the suppression, e -‘O and 

the cross section will become large. In fact, the authors of ref. 9 have argued 

that this formula is not valid at such high energies, but simple improvements in 

the analysis give a result which grows even faster with energy! (A particularly 

compelling critique of this calculation is given in ref. 14.) 

The analysis above did not include the fermions. In the standard model, aa 

described earlier, the instanton represents a tunneling between nearly degenerate 

states of different baryon number. As a result, when fermions are inc!uded, the 

instanton amplitudes are non-vanishing only for Green’s functions (S-matrix 

elements) which violate baryon number by a suitable amount. Moreover, the 

largest contribution to the total cross section in eqn. (22) comes from states 

with a large number (C?(k)) g au g e or Higgs bosons. Thus the instanton analysis 

predicts a large rate for baryon number violating events with huge numbers of 

IIiggs or W ’s and &‘s in the final state. We have also ignored a number of other 

complications up to now. The fermions and gauge bosons give some modification 

of the energy dependence of the result, as do the various “collective coordinates” 

which we have suppressed (apart from the translational ones). When one takes 

these effects into account the basic picture remains the same. 

The Euclidean calculation is in some ways rather unnerving. The contin- 

uation to Minkowski space is completely mysterious. For example, we have no 
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sense what are the relevant configurations in real time. Moreover, it is not at 

all clear over what range of energies the analysis is valid.15 Fortunately, we can 

give an alternative derivation of this result, directly in Minkowski space. This 

derivation makes clear why the instanton calculation gives a growing cross sec- 

tion. Just as in the simple quantum mechanical example, there is a competition 

between the growth of a barrier penetration factor, and suppression due to the 

cost of coupling to a low frequency (momentum) mode. This calculation also 

makes clear that the rate is exponentially small at all energies. 

The idea is to take the full field theory, with its infinite number of degrees 

of freedom, and truncate it to a single degree of freedom, i.e., to an ordinary 

quantum mechanics problem. For notational reasons only, we will idealize the 

problem by considering a theory with only scalars, and we will ignore most of 

the collective coordinates. Consider, then, a classical solution, d,r(z’, 7). This 

solution interpolates between two dilferent vacua of the srandard model. At 

T = -00, 4 tends to one vacuum configuration; at 7 = +w, 4 tends to the next. 

We can think of T as parameterizing a set of field configurations which smoothly 

interpolate between one vacuum and the next. Introduce a coordinate, q, by 

letting r = r(q), with r(0) = - 00 and s(l) = 00. The potential energy as a 

function of q looks as in fig. 2. Now we truncate the field theory by keeping 

only those field configurations parameterizcd by q. We treat q as an ordinary 

coordinate, i.e., we let q = q(t). Tl ie a ran 1 g g ian is then a function of q and the 

velocity, 4, given by 

g?C(q, i) = J d3d(~,,dcr(6 q), Ads, 9)) . 

Provided that the dependence of r on q is chosen appropriately, the lagrangian 

takes the form 

$L(q,{) = k$ - ~m2q2 - O(q4) . (24) 

To work out the connection between r and q, recall that for lrl -+ 00, the 

classical solution behaves like the free propagat.or, i.e., 

dd - e -mm (25) 

Thus 

so 

qweemr . (27) 

This truncation of the field theory may seem very drastic, but we have not 

really lost anything. The t,runcated model contains all of the physics of the 

original instanton computations. The q system possesses an instanton solution 

in Euclidean time which describes the tunneling from one well to another. If we 

denote this solution by q,,(i), then r(qcl(r)) = r. As a result, first replacing the 

field t,heory Green’s functions appearing in the LSZ formula, 

by 

and then replacing q by qcl, we obtain precisely the same quantity as in the 

leading semiclassical approximation in the field theory. Thus the scattering 

amplitudes computed in the leading semiclassical approximation to the truncated 

system are precisely the same as those calculated in the leading semiclassical 

approximation to the full field theory. In particular, they are independent of 

energy, and yield total cross sections which grow exponentially with energy. 

On the other hand, since we are now dealing with a quantnm mechanical 

system with only a single degree of freedom, it is easy to treat the problem 

directly in Minkowski space, and to understand the behavior found in the in- 

Stanton computations. The two particle initial state of the scat,tering problem 

is 
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Making our truncation, this becomes 

Ii >= Tlim, dz,dz~~c~(~l,q(T))~c~(~a,q(T))~O > eip1~z’+r*‘z2 
- J 

with a similar expression for the final state. These expressions are written in 

the Heisenberg picture. Switch to the Schrodinger picture, and take the overlap 

with the state of the q system of energy E. Because of the factor eitwl+wzlT, 

only the state with E = wr +w gives a non-zero amplitude as T ---) 00. Thus 

we need to compute the overlap 

Even before attempting to evaluate this matrix element, it is clear that it is 

small for large IpI. &(Z,q) is a smooth function of 5, with some characteristic 

scale, p(q). Thus its fourier transform behaves as 

the ground state of the q system and the state of energy E. Since in his regime 

the potential is approximately harmonic, the state of energy E is just the n’th 

harmonic oscillator level, with n = g. Noting the form of the lagrangian in eqn. 

(24), we see that 

< O(q”(n >- &zJ” - (g%)~ . (30) 

This evaluation agrees with the intuition that the coupling to the initial state is 

suppressed because the sphaleron contains a large number of quanta. A similar 

factor arises for the final state. In addition to these overlap factors, however, it 

is also necessary to compute the barrier penetration factor. The WKB approxi- 

mation gives 

The leading behavior of the integral is obtained by approximating V by $n2q2, 

while cutting off the q integration at small q by E, and at large q by $. Then 

7 = e-so(s2E)-: . 

p has a minimum as a function of q; in the standard model, roughly speaking, 

this is m$. As a result, it is difficult, at any energy, to couple high momentum 

modes to q. 

How can we reconcile this with the instanton result? In fact, for energies 

m < E < $m, the truncated model yields precisely the instanton result. Recall 

that for small q (large 7)’ 

&J(q) = $z2q2 . 

Thus requiring that V N E gives q2 N 9. This means r N m-‘In(g). On 

the other hand, for such r, the classical solution has the form e-“‘Jz?+-;?‘. Its 

fourier transform is thus of order eeEr N (g2E)k. This can also be seen by 

noting that emEr w qe. We need the matrix element of this operator between 

I It is not hard to show that the maan which appears below is precisely the meson mass. 
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Thus the scattering amplitude is indeed constant! This arises because the growth 

of the WKB factor initially precisely compensates for the difficulty of pumping 

energy into the q mode. 

It is also very easy to reproduce the instanton result for’the total cross 

section in the truncated model. From the point of view of the q system, the final 

state is simply the excited state of energy E. The field theoretic calculation of 

the amplitude to obtain a particular final state is obtained from this by taking a 

suitable overlap. Thus the total cross section is just the square of the amplitude 

that the original two particle state produces a final state of the’ q system in the 

other well. This amplitude is the product of the factor 7, andl the factor from 

the overlap of the initial two-particle state with the state of energy E, i.e., 

N e-2Soef 
(32) 



This agrees precisely with the instanton result! From this viewpoint, it is clear, 

however, that the answer is never large. The full amplitude is always the product 

of the barrier penetration factor, which is bounded by unity, and the small 

coupling to the q mode. The amplitude at all energies is bounded by e-b, 

where c is some numerical constant. This may be much larger than the low 

energy result, but it is clear that the truncated system leads, at all energies to 

cross sections far too small to be seen in accelerator experiments. 

One can object that the truncated model cannot be trusted at energies 

comparable to the barrier height. Indeed, there are a variety of ways in which the 

approximations involved can break down. For example, at very high energies, 

other trajectories, far from the original instanton path through configuration 

space, may be important, and give larger values for the cross section. On the 

other hand, the truncated model includes all of the physics which went into the 

original predictions of large cross seetions. Thus, since this model in fact predicts 

only small cross sections, it is fair to say that no argument has been advanced 

that the cross section should be large at high energies! Moreover, the analysis 

of this system makes clear that no other trajectories in field space are likely to 

lead to large amplitudes either. The basic problem can be stated in a variety 

of ways. First, the barrier height associated with a particular configuration of 

scale p goes as $. To have any hope of enhancing the tunneling rate, the energy 

(and momenta) of the scattered particles must be at least this large. On the 

other hand, the coupling of a mode of scale p to a particle of momentum p goes 

its e--PP N e-i for such energies. Indeed, Susskind” has argued that at high 

energies the truncated model necessarily drastically overestimates the rate, once 

interference effects are taken into account. 

Unfortunately, then, we must conclude that baryon number violation is not 

something one will see in accelerator experiments. Before closing, we should 

mention that another process which has been mentioned frequently’ is similarly 

suppressed.6 This is the decay of a very heavy fundamental particle by passage 

t Agreement also holds when care is taken with subleading terms. Similar agreement is 
found when greater care is taken with the handling of the collective coordinates of the 
st,andard model problem, particularly the instanton scale size. 

over the barrier with accompanying violation of baryon and leptdn number. 

Consider, again, the truncated system. Now one has an initial state containing 

the heavy particle, with the q system in its ground state. The final state of 

interest involves a highly excited state of the q system in another well. As is 

clear from our simple quantum mechanics example, the overlap of the initial 

and final states appearing in this scattering amplitude will be exponentially 
--hi- 

small, i.e., the rate will go as e mu, where M is the mass of the heavy particle. 

However, in strongly coupled theories where the heavy particle is composite, 

the decay may be rapid, as discussed in ref. 17. In particular, in technicolor 

theories, in the large N limit, one can show that technibaryon decay through the 

anomaly is unsuppressed. However, in the limit considered by these authors, the 

technibaryon is large (with size m&,! ” ) and the q degree of freedom is highly 

excited. Indeed, the production of this particle in, say, quark quark scattering 

is exponentially small due to the small form factor of this particle at momenta 

of order its mass-again it is hard to make excited states of the q system. 

The lesson from all of this is that baryon number violation in the standard 

model is interesting, but its prime relevance is to the early universe. There, 

the fact that baryon violating interactions are in equilibrium until relatively 

late (temperatures of order 100’s of GeV or so) means that any baryon and 

lepton number assymmetry created at very early times (e.g., in a grand unified 

theory or string theory) will be drastically altered from its initial value. This 

by itself is not terribly dramatic. If the underlying theory preserves B - L, 

then initially B - L = 0, and any baryon or lepton number :created at this 

early epoch will be wiped out. However, most grand unified theories do not 

preserve B - L; even the simplest Su(5) model only does so approximately, in 

the limit that non-renormalizable terms are not included. Thus one obtains an 
I . additional constraint on the parameter space of unified models. More Interesting 

is the possibility that the baryon number violation of the standard model is 

itself responsible for the observed asymmetry between matter and antimatter. 

Various interesting suggestions along these lines have been made, but I do not 

believe this subject has been exhausted.4J8-2’ It is almost certainly necessary 

to modify the standard model so as to include more CP violation, but this can 

-413- 

-- 



probably be accomodated. Recent calculations also suggest that the transition 

rate depends in a drastic way on the Higgs mass. ‘2Thus baryon number violation 

in the standard model represents an area of standard or near standard model 

physics which may still yield surprising new physics. 
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New Particle Searches at LEP 

. 
Adriaan Buijs 

CERN, Geneva 

1 Introduction 

Since the startup of the LEP accelrra.tor, providing e+e- collisions at centrc- 
of-mass energies corresponding to the mass of the Z’, many searches for 
new particles have been performed by the four big experiments ALEPB, 
L3, DELPHI and OPAL. 

In this talk I will describe a few of these searches: the search for the 
sixth quark, and for a new quark from a possible fourth family; the search 
for the Standard Model Higgs and for Higgs doublets from Super Symmetric 
models; and the search for excited quarks and leptons. The techniques used 
in these searches are representative for other searches not described in this 
talk. The MARK II collaboration at the SLC has perlormed a series of 
searches as well. In spite of the low statistics, some of the limits obtained 
at the SLC are comparable to those from LEP and close to the kinematic 
limit. However, they are not part of this talk. 

In anticipation of the conclusion section 1 should say that no new par- 
ticles’have been found at LEP, and therefore all results are expressed in 
terms of lower limits, mostly at the 95% confidence level. 

The data samples used by the four LEP experiments vary in size, but 
correspond largely to the running periods in 1989 and the first part of 1990, 
up to this conference. Since then the limits have been raised, in particular 
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for the Higgs searches, but here the status of the analyses at the time of 
the conference will be given. 

The talk will be divided into indirect searches using the Z” resonance 
parameters and direct searches using particular event topologies to identify 
new particles. 

2 Indirect Searches 

The resonance parameters of the Z” have been measured by all four experi- 
ments to great accuracy during the first running periods of LEP. They were 
recently summarised by E. Ferna.ndez.[l] 

The total Z” width is the sum of the partial widths Fz = rh.d + rl+l- + 
rinv. Here Th.d is measured through the peak cross section of multi hadronic 
z" decays ugrd = 2rrh.dree/mZZrZZ, and l’,+,-, the leptonic width is mea- 
sured through the lineshape of the Z” decays to electron, muon and tau 
pairs. The invisible width r;., contains the contributions from the neu- 
trino families plus any additional invisible decays of the Z’. In the Standard 
Model each neutrino family will contribute 165 MeV to Fin”. From a combi- 
nation of all four LEP experiments with a total of approximately 185000 Z” 
decays, the number of light neutrino families is found to be n, = 2.95f0.11. 
Along the lines of an early ALEPH publication [2], I will assume that there 
are three light neutrino families and take the error in n, as possible con- 
tribution from new invisible decays. A new decay must contribute less 
than 

TX < 0.11 x 1.64 x TV, = 30 MeV, (1) 
where the factor 1.64 is due to the one-sided 95% confidence level limit. 
For a fourth generation heavy stable neutrino IQ, the partial width is given 
by 

rvL = 16x&, 
GFmz’(38 + ,8”) (2) 

where GF is the Fermi constant. The velocity /I of the neutrino is a function 
of its mass: pz = 1 - 4m&/mz* and (1) and (2) therefore lead to a lower 
limit: mvL > 44.3 GeV. 
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The uncertainty in the width measurement can also be used to obtain a 
limit on the maas of a visible decay, for example Z” + If, where the 1 and 
r fragment into hadron jets. The measurement of the peak cross section 
Q~,,, which is proportional to rkd/Fzz would then be 

r,+cr, 
uhad a (rSM + r-,)2' (3) 

where Fs is the expected hadronic width for five quarks, TsM is the expected 
(Standard Model) total width of the Z” for five quarks and F1 the unknown 
contribution from the top quark. The efficiency c to observe II events 
influences bh&, but can be assumed to be one. Expression (3) must now 
be less than Fbp/(TsM + Tx)l, where TX is given in (1). Using the Standard 
Model expression for r,(m,) and solving for m, we find a lower limit for 
the top quark mass of m, > 34.9 GeV. 

The L3 collaboration has given a more definite measurement of the top 
quark mass using the relationship between sin’ Bw = I-m2,/mzz and m,.[l] 
The top quark influences the value of sinz Bw through electroweak radiative 
corrections to the propagators of the Z” and W*.[3] With the Z” mass 
measured by L3, mz = 91.148f0.017 GeV, and a combined measurement of 
sir? Bw by the neutrino and collider experiments, sin’ Bw = 0.228 f 0.0045, 
the top mass falls in the range m, = 141!:: GeV. However, these limits are 
only to 68% confidence level. At 95% confidence level, the upper limit is 
raised to 200 GeV. 

3 Direct Searches 

If the topologies of events with new particles are sufficiently distinct from 
the regular Z” decays, direct searches can give better limits than those ob- 
tained from the width measurement. The experiments in general search for 
new particles using topologies which give the optimal signal to background 
ratio for their detector. In the following sections direct searches for top, b’, 
Higgs and excited quarks and leptons will be discussed. The discussion does 
not cover all search techniques used by all experiments. The cuts quoted 
in selection criteria are those essential to the final result; in addition many 



other preselection cuts were applied to the data, for which the reader is 
referred to the original publica.tion. 

. 

3.1 Search for Top, b’ 

Direct searches were performed by OPAL [4], ALEPH [2] and DELPHI [5] 
for the sixth quark and for a possible bottom quark of a fourth family. The 
regular weak decays 1 -+ bW’ and b’ + cW’ were considered in all searches, 
but also the flavour changing neutral current decays of the b’, b’ + by and 
b’ 4 b- gluon and the decays via, a charged Higgs, f -+ bH+ and b’ + cIf- 
were considered. 

The OPAL collaboration has used an event shape analysis to search for 
1 and b’. The decay of the Z” into heavy quarks leads to a more isotropic 
distribution of the final state particles, because the boost from the quark 
motion is less than in the decay to light quarks. OPAL has chosen the 
acoplanarity A = 4 min(C; IpiII/Ip;I)’ as a measure to separate 1 and b’ 
decays from the light quark decays. Here pi1 is the transverse momentum 
of a particle with respect to the plane which minimises A. Figure la shows 
the acoplanarity distribution for 15000 multihadronic events as data points. 
The shaded histogram represents the expectation from the JETSET Monte 
Carlo with five quark flavours, whereas the open histogram gives the signal 
expected in the presence of a top quark of 35 GeV mass. Such a signal is 
clearly incompatible with the data. 

The ALEPH collaboration has looked for events with isolated charged 
tracks with a momentum transverse to the thrust axis of at least 3 GeV. 
These isolated charged tracks are expected from the leptonic decay of the 
u”. An isolation para.meter 

p; = miin dw (4) 

was defined, where Ei is the energy of particle i and B, the angle between 
the axis of the jet j and that particle. The minimum is taken over all jets j 
in the event. Figure lb shows the distribution of the isolation parameter for 
11550 events together with the five flavour Monte Carlo (shaded histogram) 
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Figure 1: Distributions of parameters used in the searches for the top and 
b’ quarks. (a) The acoplanarity spectrum by OPAL. (b) The isolation pa- 
rameter distribution by ALEPH. (c) The momentum of an isolated particle 
by DELPHI. In all plots, the data are given as points with error bars, the 
shaded histogram represents a standard five-quark histogram and the open 
histogram a five-quark Monte Carlo with an additional quark. The arrows 
indicate where the collaborations piece the cuts. 



and the Monte Carlo for five flavours plus a b’ quark with 40 GeV mass 
(open histogram). Also this signal is incompatible with the observed events. 

The DELPHI collaboration emphasised the possible 1 and b’ decays to 
charged Higgs bosons. The subsequent decay of the Higgs to rv, would give 
again the distinct signature of a high momentum isolated charged track. 
The charged track had to be separated by more than 35” from the other 
particles in the event. Figure Ic shows the momenta of isolated particles 
for data, for a five quark Monte Carlo (shaded histogram) and for a Monte 
Carlo containing in addition a 40 GeV top qua.rk (open histogram). There 
is no signal visible in the data. 

The final results obtained by the three experiments are summarised in 
table I. The production of l-quark and b’-quark pairs is essentially excluded 
up to the kinematical limit of mz/2. 

Channel ] OPAL ALEPH DELPHI 
1 + bW’ I 45.1 45.8 44.5 

1 

Table 1: Summary of lower limits on the masses of the top and b’ quarks 
from event topology searches at the Z’. The limits are in GeV at the 95% 
confidence level. 

3.2 Search for the Standard Model Higgs 

In the Standard Model (SM), a neutral boson with undetermined mass is 
necessary to give mass to the Gauge bosons. The search for this particle, 
the Higgs boson, is an essential test of the Standard Model and therefore 
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one of the main goals of the LEP experiments. (See for example, ref. [S]) 
In all searches the Higgs production mechanism is taken to be the Bjorken 
process, in which the Z” decays into a Higgs and a virtual Z’: Z” -+ HZ”. 
The coupling of the Higgs to bosons is proportional to their masses, and 
this mechanism is therefore by far dominant. In the Born approximation, 
the differential cross section for Higgs production is (see for example ref. 171) 

duo -= 
d& 

12E,’ - 12EbE~ + EjH + 2m& 
R(s)R(s,) 

(5) 

Here EH and pi are the energy and momentum of the Higgs, Eb the beam 
energy, 9 = (sin 8~ cos@w)-‘, c, and c. are the electroweak coupling con- 
stants. The energies s and si correspond to the mass squareds of the Z” 
and Z”, respectively. The fact of having the two resonances leads to the 
two terms R in the denominator of (5): R(s) = (s - mZ)’ + mzZTzZ. As 
a result the cross section is highest for a light Higgs and drops off rapidly. 
However, when one goes to higher beam energies the Z” becomes real and 
the cross section for a heavy Higgs rises again. This is a reason to search 
for a heavy Higgs at LEP 200. The total cross section for Higgs production 
via the Bjorken mechanism is given in figure 2. The production rate for 

+ Z” --+ HZ” + HP /I - is shown relative to Z” + P+/I-. The relative mag- 
nitudes of the Higgs decays to 66, cE and r+r- are indicated by the dashed, 
the dot-dashed and the dotted lines respectively. The rate is almost 1% of 
the dimuon rate at low masses. 

The decay of the Higgs proceeds dominantly through heavy fermions: 

where N, is the number of colours, rn, the fermion’s mass and b, its velocity 
in the Higgs frame. Thus the Higgs decays mainly to the heaviest particle 
for which its mass is above threshold. A near-zero mass Higgs will decay 
exclusively to photon pairs through quark and gauge boson loops. The 
Higgs life time is inversely proportional to its decay width, which means 
that very light Higgs particles will decay well outside the LEP detectors. 
The virtual Z” decays as the normal Z” in quarks, neutrinos or leptons. 



. 
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Figure 2: The rate of the process Z” -+ H/I+~‘- via the Bjorken mechanism 
relative to the process Z” -+ pip-, as a function of the Higgs mass. The 
solid line gives all H decays, the dashed, dot-dashed, and dotted lines gives 
the contributions from Higgs decay to 66, ct and T+T-, respectively. 

The search for the Higgs boson relies heavily on Monte Carlo calcu- 
lations to simulate the event topologies of Higgs decays. All experiments 
used the improved Born approximation [S], added initial state radiation 
and QCD effects and considered the dependence on the LEP beam energy. 
Fortunately, the influence of the top quark could be ignored. 

The Higgs mass range covered by the LEP experiments was naturally 
split in three: i) the range from zero to 2m,. In this mass range, the Higgs 
is long lived and decays to photon pairs or electrons; ii) the range between 
2m, and 2 to 3 GeV, or 2m.. The search in this range is difficult due to the 
theoretical uncertainty in the decay; iii) the mass range above 2m,, where 
the Higgs decays into two heavy-quark jets or tau pairs. 

ALEPH (91 and OPAL [lo] have analysed the Higgs mass range between 
zero and 2m, = 212 MeV. Both collaborations have searched for events of 
the type Z” -+ HZ” where Z”’ 4 I’[- and the Higgs decay H + -ye or e+e- 
occurs outside the detector. The signature for this reaction is an acoplanar 
lepton pair without additional energy. ALEPH required an acoplanarity 
greater than 30 mrad and less than 1 GeV of isolated electromagnetic or 
hadronic energy. OPAL required sin(B)&, to be larger than 35 mrad, 
where 6 is the average polar angle of the leptons and &,- the acoplanarity 
angle in the z - y plane. To reject very asymmetric tau-pair decays, both 
ALEPH and OPAL applied cuts on the momenta of the leptons as well. 
The graphs labeled (a) in figure 3 show the number of events expected 
from a Higgs decay when these cuts are used. These curves were obtained 
from Monte Carlo calculations and were reduced by the magnitude of the 
systematic error to obtain conservative limits. 

As the Higgs mass increases more decays occur inside the detector, 
reducing the sensitivity. ALEPH searched for events with a displaced vertex 
in the central detector (TPC). E vents were used in which the Zoo decayed 
either to neutrinos or quark pairs. The backgrounds to this search are 
photon conversions, and in the case of the Z”’ -) r7(1 events, also k” and A 
decays. These backgrounds were removed. One event was found leading 
to an upper limit on the signal of 4.7 events. OPAL has searched only 
in events in which the Zoo decays to vii. One event was found, which is 
compatible with Z” -+ vii-r. The number of events expected from the visible 
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Figure 3: The numbers of low-mass Standard Model Higgs events expected 
by the ALEPH collaboration (top) and the OPAL collaboration (bottom). 
The curves labeled a represent the invisible Higgs decays (outside the de- 
tector), the curves b represent the long-lived but visible decays of the Higgs 
(inside the detector). The curves a + b give the sum of the two channels. 
The dashed curves give the 95% c.1. upper limit level on the number of 
observed events. 

H decays is shown as graphs (b) in figure 3. The dot-dashed graphs labeled 
(a+b) give the sum of both channels. The dashed lines indicate the 95% 
confidence level upper limits on a observed signal, for both experiments 
well below the expected signals. The mass range between zero and 2m, is 
therefore excluded by both experiments. 

The mass range between 2m, and 2m, was covered by DELPHI [ll] and 
ALEPH.[l%] In this mass range there is a theoretical uncertainty regarding 
the decay of the Higgs.[l3] Both ALEPH and DELPHI have made the 
reasonable assumption that the Higgs will decay to a few hadrons. These 
few particles will appear as a low multiplicity jet as a result of the 
boost of the Higgs. DELPHI has used the LUND jet finding algorithm to 
select three-jet events. The two main jets were required to be more than 
120’ apart and the third jet was required to have two to four tracks and 
satisfy kinematical constraints to be compatible with a Higgs. DELPHI 
found no candidate in this mass range out of 13000 events ALEPH has 
searched for the Higgs decaying to two particles in conjunction with lepton 
pairs, quark jets and neutrino pairs. They found no candidates in 11550 
events. Therefore, the mass range between 212 MeV and 3 GeV is excluded 
by both DELPHI and ALEPH. 

A major background to Higgs production between 212 MeV and 3 GeV 
is radiation from the final state leptons or quarks. The cross section 
for qp production from a virtual photon radiated by a lepton has been 
calculated.[l4] The total width for the process Z” + l+l-qp is of the order 
of 2.3 MeV. The spectrum is strongly peaked at zero invariant mass for the 
qp pair. However, these calculations do not take into account the hadronic 
nature of the photon. An enhancement of p” production has been observed 
in photon-photon scattering in the reaction yy -+ pop0 + x+x-x+x- (see 
for example ref. [15]). This enhancement is still not well understood, but 
believed to be a feature of the Vector Dominance Model (VDM) in which 
the photon manifests itself as neutral vector mesons (V). One prediction of 
VDM is the ratio of p” mesons produced relative to w and 4 mesons, which 
is 1: 0.09: 0.18. The OPAL collaboration has shown a few candidate events 
of the type e+e- + 1+1-y’ + 1+1-V. One such event is shown in figure 4a. 
Clearly visible are the two highly energetic muons, the tracks labeled 1 and 
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Figure 4: OPAL event, candidate for the reaction Z” + p+p-y’ --) c+p-pO. 
The particles labeled 2 and 3 are compatible with pions or kaons, particles 
labeled 1 and 4 are muons. 

4. The particles labeled 2 and 3 are pions or kaons because they deposit 
energy in the hadron calorimeter as well as in the electromagnetic calorime- 
ter. Furthermore, the energv loss of the particles in the central detector is 
compatible with that expected from pions. The invariant mm of the x.+x- 
pair is compatible with a p” meson. 

For the Higgs mass range above 3 GeV all experiments initially used 
the same purely topological search: the Higgs was assumed to decay to b& 
or cc jets, and the the virtual Z” either to neutrino pairs or to lepton pairs. 
The signature for the first case, the “missing energy” topology, are two 
jets with large momentum unbalance. For the second case, the “dilepton” 
topology, the events have again two jets, but the energy is balanced by two 
leptons. The background for the dilepton search is a.gain from final state 
virtual photons decaying to a lepton pair, but now a cut on the invariant 
mass of the recoil system can be made to remove them. Figure 5 shows 
such an event observed by the DELPHI collaboration. Clearly visible are 
two jets, and two isolated muons emerging to the left. 

OPAL [IS] has applied the following cuts for its missing energy search: 
at least five charged tracks with a total transverse momentum unbalance of 
more than 6 GeV; a total visible energy less than 60% of the centre-of-mass 
energy; the two final cuts, illustrated in figure 6, are that more than 76% 
of the visible energy E,,;, be contained in a 150” cone (the forward cone), 
whereas a backward cone of 120” could contain only 2.5 GeV. Figure 6a 
shows E ,ar.rd/Evi, for a Monte Carlo simulation of a 24 GeV Higgs, fig- 
ure 6b shows the same distribution for the data. The boxes indicate the 
selected regions and it is clear that a 24 GeV Higgs can be excluded. 

The L3 [17] cuts for the Z” -+ Hp+p- search are: at least one muon 
with p,, > 15 GeV and a second with p,, > 5 GeV; no particles in a cone of 
35” around at least one muon; at least two particles (of which one charged) 
outside a cone of 8” around each muon. 

Using these and similar cuts, all four LEP experiments calculated the 
number of events they expected as a function of the Higgs mass. The 
number of expected events is given in figure 7 for OPAL 1161, ALEPH [12], 
L3 117) and DELPHI.[ll] No events were observed by either collaboration, 
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Figure 5: A candidate event from the DELPHI detector for the reaction 
Z” 4 qqy’ -B jet -jet - p+p-. The muons emerge to the left, whereas two 
hadron jets are discernable at the right and bottom. 
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Figure 6: Final distributions in the OPAL Standard Model Higgs search. 
The ratio of the total energy in the forward cone to the total energy in the 
event is plotted VI the energy in the backward cone for (a) multihadronic 
events, and (b) a simulation of a 24 GeV Higgs boson. The rectangle in the 
upper left corner indicates the selected region. 
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Figure 7: Expected number of events from a topological search in the com- 
bined channels HZ” + HvS and HZ” 4 HI+/- by the four LEP experi- 
ments as a function of the Higgs mass. The dashed line indicates the 95% 
confidence level upper limit on the number of observed events; no events 
were observed by either experiment. 

leading to the 95% confidence level upper limit at three events, shown as 
the dashed line. When intersected with the curves of expected events, the 
limits become 34 GeV for OPAL, 32 GeV for L3,26 GeV for DELPHI and 
25 GeV for ALEPH. One can even combine the limits of OPAL and L3 to 
raise this limit to 36 GeV. 

In addition to this analysis, ALEPH [la] has recently used a new method 
to search for the Higgs. The missing energy and dilepton searches are lim- 
ited towards higher masses by the fact that the Higgs decays become more 
spherical a.nd their topology is not as clear anymore. A different approach 
which requires good knowledge of the detector response is to reconstruct 
the visible energy in the event with some precision. To this end ALEPH 
has developed the following algorithm: i) the charged energy as measured 
in the TPC was added together. ii) Isolated photons in the electromagnetic 
calorimeter were counted as neutral energy. iii) The remaining electromag- 
netic energy was corrected for the e/a response ratio and added to the 
energy observed in the hadron calorimeter. If the so obtained hadronic 
energy exceeded the total charged energy, the excess was counted as neu- 
tral hadronic energy and added to the visible energy. This algorithm was 
checked using multihadronic events with a hard photon from initial state 
radiation. The visible hadronic energy in these events can be measured and 
also calculated from the photon energv. A comparison of the two gives the 
accuracy of the method which corresponds to a resolution of 6 GeV. 

Figures 8a and b show the total visible energy spectrum expected for a 
30 GeV and a 40 GeV Higgs, respectively. Figure 8c shows the visible energy 
of the observed multihadron events. Note that the Monte Carlo spectra 
have an arbitrary scale. The number of expected events as a function of 
the Higgs mass is shown in figure 9. Using the observed upper limit of 
three events, ALEPH excludes the Higgs up to 40 GeV. In summary, the 
LEP experiments have excluded the mass range from zero to 40 GeV for 
the production of Standard Model Higgs bosons. 
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Figure 8: The spectrum of the reconstructed visible energy in the ALEPII 
detector. (a) A Monte Carlo simulation of a 30 GeV Higgs, (b) a 40 GeV 
Higgs, and (c) the observed events after some initial cuts. The distributions 
(a) and (b) are not normalised to the luminosity. 
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Figure 9: The number of events expected in the search based on the vis- 
ible energy by ALEPH from the combined channels HZ” + Huti and 
HZ”’ --) HI+I- as a function of the Higgs mass. No events were found, 
leading to the limit at 40 GeV. 



3.3 Search for the Higgs in the Minimal Super Sym- 
metric Extension to the Standard Model 

In th; Minimal Super Symmetric extension to the Standard Model (MSSM) 
not one but five physical Higgs states are predicted: a neutral scalar ho with 
mass rn,,o below ma, a neutral scalar Ho with mno > ma, a neutral pseu- 
doscalar A0 with rn*o > mhe and two charged scalars H* with rnn* > mw. 
At current LEP energies we will therefore only be able to see the ho and 
A”. In the MSSM there are four parameters of which only two are inde- 
pendent: rnho, mA8, @ and cr. Here Q is the mixing angle of ho and Ho 
and tan@ = y/vi, where ni is the vacuum expectation value of the Higgs 
doublet i. Usually either (mAa, rn,,o) or (mhP, tan a) is chosen as free pa- 
rameters. 

The production rate of Higgs pairs is given by 

r(Z” + h”Ao) A3 
I-(ZO -+ I&) 

= y cos”(a - a), 

where A = [(I - 2: - 2:)’ - 42,241 z x ‘/2 is a kinematical factor with z,, = 
mho/mZ and 24 = mAa/mZ. The factor cos’(a - ,!I) is purely related to the 
masses of the bosons: 

c02(0 - j9) = m$(mzz - m$) 
rn:, (m2 + rn:, - 2m$) 

The production rate of the single neutral scalar Higgs is given relative to 
the rate for production of the Standard Model Higgs: 

lY(Z” + h”Zo’) 
r(Z” + Hs,,,ZO*) 

= sin’@ - cx) . 

The limits on the latter can therefore be used to set limits on the MSSM 
Higgs. 

The decay of the MSSM Higgs bosons depends on the value of tan /3: 

Bt(h’ ---) T+T- : cz : 66) = 1 : 2.1 cot2 acot’B : 19Ai 
&(A0 + r+r- : CE : bb) = 1 : 2.1 cot’ fl : 19A:, 

where 1: = 1 - 4rn:/rn~.~~~. For tan B > 1, the theoretically favoured case, 
the decay is mainly to bb with a 6% contribution of r+r-. For tan @ < 1, 
the decay is mainly to CF. 

ALEPH [19], OPAL [16] and DELPHI (201 have each searched for the 
MSSM Higgs. The results can be combined to exclude the large area of the 
(mp, tan 8) plane as shown in figure 10.[21] The high limit of 40 GeV on 
the Standard Model Higgs by ALEPH excludes the area to the left of the 
solid line. The high mass region around tan p = 1 is excluded because rn** 
is large for tan /I rz 1, which is kinematically impossible. 

The OPAL collaboration has analysed four-jet events, for the Z” 4 
hoAo -+ ccc5 decay. Kinematical cuts were applied to the four-jet events 
to enhance a possible contribution from hoAo decays. Ten events survived 
these cuts, 13.3 were predicted from a QCD Monte Carlo. No signal was 
found in these events, and OPAL was able to exclude the region indicated 
as ‘4-jet’ in figure 10. 

The region indicated as D’ at a somewhat lower mass was excluded by 
DELPHI, also using the hoAo -+ ccc5 decay, but searching for the D’ in 
four-jet events. The pion in the decay chain D’ 4 Dar haa a very low 
momentum transverse to the jet axis (typically 30 MeV). The D’ therefore 
appears as an excess near zero in a plot of the transverse momentum of 
charged particles with respect to the jet axis. This D’ signal is present 
as expected in twojet events, but not in four-jet events, leading to the 
excluded area in figure 10. 

The upper corner of the plot is excluded by a search by1 DELPHI for 
events of the type hoAo -B r+r-66. A direct search for events,with two jets 
and two leptons yielded no signal and excluded the region labeled r+r-b6 
in figure 10. The remaining area at low masses was excluded by a DELPHI 
analysis of twojet events. In this mass range the Higgs bosons appear 
as collimated jets and can be distinguished from regular jets by the jet 
invariant mass and the fact that no string effects appear in the hoAo decay 
of the Z”. 

When the limits from the three experiments are combined all values in 
the (rnke, tan a) plane can be excluded for mho < 34 GeV. 
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3.4 Excited Leptons and Quarks 

. 

7 

I.. DELPHI 
- ALEPH 
-- OPAL 

r’ib6 

i 

0 10 20 30 40 50 

MSSM Higgs mass (GeV) 

Figure 10: The parameter space of (mh o, tan 8) in the search for the MSSM 
Higgs. All areas except the upper and lower right corners of the plot are 
excluded by various searches described in the text. 

Searches for excited leptons and quarks were performed by OPAL [22], 
ALEPH [23] and L3. [24] The excited lepton is assumed to decay to a 
regular lepton under emission of a photon, and should therefore appear as 
a peak in the invariant mass spectrum of lepton-7 combinations in lepton 
pair events. The searches for excited leptons (I = e, p, r) were limited to 
two reactions: 

e+e- -+ lf’l” 4 Ifl’yy, 

which limits ml- to mr/Z, or 
(10) 

e+e- -9 PIT -t 1*1*-y, (11) 

which allows ml. up to mr. In addition, the process e+e- -+ e*eF’ can 
occur in the f-channel with little momentum transfer to one of the initial 
electrons, which therefore escapes detection. The event topologies searched 
for were either a lepton pair with one or two photons or a single electron 
with a photon. The excited leptons were assumed to be spin-i particles with 
Standard Model (Z”, y) couplings. The backgrounds to these searches are 
the radiative lepton pairs and radiative Bhabha events. Table 2 summarises 
the results from the OPAL, ALEPH and L3 collaborations. In all cases the 
observed number of lepton-pair events with one photon agrees very well 
with the number expected from the Monte Carlo simulations. Also the 
numbers of L-channel e+e-7 events are in good agreement. Note that the 
simulations predict no events with two photons at this level of statistics, 
whereas L3 observes three e+e-ry events and OPAL and L3 each observe 
one p’+p’-~y event. None of the invariant mass spectra show a significant 
signal, leading to the lower limits summarised in table 3. These limits are 
at 95% confidence level and essentially rule out the existence of excited 
leptons up to mJ2. 

In the reaction (1 I), a free parameter f/A remains in the effective Lan- 
grangian, f being the (Z’, 7)-l*’ coupling and A the composite mass scale. 
The lower limits are therefore expressed in terms of f/A as shown in fig- 
ure 11 for the case of the excited muon. The results of ALEPH, OPAL and 
L3 are given together with earlier results from AMY and TOPAZ at the 
TRISTAN storage ring.[25] The results for em and r* are similar. 
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Exp. e+e- P+P- r+r- 
IL 7 yy I-than. 7 7-Y 7 77 
OPAL data 29 0 2 19 1 27 0 
1.15 pb-’ MC 31 0 3 22 0 26 0 
ALEPH data 6 0 10 2 0 1 0 
0.4 pb-’ MC 6.3 0 8.5 2.2 0 1.5 0 
L3 data 15 3 4 21 1 
l-l.5 pb-’ MC 15 0 3.3 22 0 

Table 2: Summary of lepton pair events with additional photons found by 
OPAL, ALEPH and L3. The integrated luminosities used in the search are 
given for each experiment. 

Exp. 1 e* * T* 
OPAL 1 44.9 4:.9 44.9 

Excited muon mass (GeV) 

Figure 11: Limits on the production of excited muons. The excluded areas 
are to the right of the curves of the 8’ coupling as a function of its mass. 

Table 3: Summary of limits on the masses of excited electrons, muons and 
tau leptons from OPAL, ALEPH and L3. The limits are lower limits in 
GeV at 95% confidence level. 
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Searches for excited quarks were performed by OPAL [26] and ALEPH.121 
In these searches multihadronic events with an isolated photon were se- 
lected. OPAL required a photon energy greater than 10 GeV, isolated by 
more than 20’. In 77000 events, 78 candidates were found. 

ALEPH required a photon energy greater than 10 GeV with an isolation 
parameter as given in formula (4) larger than 2.5. Four such events were 
found in 11550 events, where two were expected. 

These numbers are consistent with the expectation from initial and final 
state radiation. On this basis, OPAL gave an upper limit on the width of 
new radiative Z” decays of 

r(Z” + 7 + X) < 3.2 MeV. (12) 

In addition, upper limits on b’ production were derived: OPAL found 

I-(Z” 4 b’b’) 
r(Z” 4 had) 

x Br(b’ + -y + X) < 8.7 x lo-‘, 

and ALEPH found that my > 46 GeV under the assumption that BR(b’ -+ 
y+X) > 5%. 

4 Conclusion 

No new particles were observed at LEP yet. The good agreement between 
the measured Z” parameters and their Standard Model values already places 
severe limits on the existence of new particles. However, direct searches are 
more sensitive and have led to limits close to the kinematical boundaries 
for new quarks, excited quarks and excited leptons. 

Using a variety of search methods, all LEP collaborations have con- 
tributed to exclude the existence of the, Standard Model Higgs boson in the 
mass range between sero and 40 GeV. In the context of the Minimal Super 
Symmetric extension to the Standard Model, the Higgs has been excluded 
up to 34 GeV for all values of tan B. 

With an increase of the integrated luminosity and a more complete 
understanding of the detectors it will be possible to increase these limits 
substantially, even before the advent of LEP 200. 
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Review of QCD at LEP 

W. de Boer 
Univ. of Karlsruhe * 

1 Introduction 
We review the first round of QCD studies at the c+ e- collider LEP, which started 
operating towards the end of last year. These studies at the peak of the 2’ res- 
onance have proven to be extremely rewarding, not only because of the large 
statistics available due to the high resonance cross section, but also because of 
the higher centre of mass energy, which allows a much cleaner study of events 
with multiple jets. For example, 20% of the events show a clean S-jet structure 
in which the least energetic jet has an average energy of 20 GeV. Such events 
originate from quark-antiquark-gluon (gqg) states, in which the least energetic 
jet is usually the gluon jet. Therefore, at LEP energies the gluon jets are con- 
siderably ‘healthier’ than at the PEP and PETRA colliders, where the energies 
were typically three times lower. The higher jet energy gives a better collimation 
of the jets and therefore a better jet axis determination and separation between 
the jets. This improves many QCD studies, especially the study of gluon jets 
and the angular correlations in I-jet events, from which one can hope to isolate 
the triple gluon vertex contribution. This gluon self interaction is the hallmark 
of the non-abelian character of QCD and is thought to be responsible for the 
confinement of quarks inside the nuclei. 

The topics to be discussed here are: 

l Intermittency 

a Charged multiplicity and rapidity distributions 

s Comparison with fragmentation models 

s Soft gluon coherence 

l Jetmultiplicity studies and the determination of Q, I 

l Determination of Q, from the asymmetry in energy-energy correlations 

l Search for the triple gluon vertex 
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the eighteenth SLAC Summer Institute on Partide Physics, Stanford, August 1990 
Bitnet: DEBOERWOCERNVM 
Postd address: Inst. fiir ExperimentcUe Kernphyrik 
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2 Iritermittency 
Intermittency studies search for charged multiplicity spikes or more formal, cor- 
related density fluctuations, in phase space bins, e.g., rapidity bins (6~) or 2- 
dimensionally rapidity and azimuth bins. Instead of studying the average mul- 
tiplicity per bin, one usually studies the factorial moments of rank g, denoted 
by F,, which are proportional to n. (n - 1). * * (n - g + 1). They measure the 
probability to have more than g - 1 particles in the bin, e.g., Fs=O if there are 
no bins with more than 2 particles. Of course, this depends on the bin size, so 
one studies Fp as function of bin size. The advantage of the factorial moments, 
introduced by Bialas and Peschanski[l], are that they are very sensitive to possi- 
ble new effects and that in simple models clear predictions exist for the slopes of 
F, as function of bin size. For example, for uncorrelated hadron production the 
slopes are zero, while for self-similar cascading models they follow a power law 
behaviour. Large intermittency effects are usually meant to be equivalent with 
large slopes, especially for small bins. 

The interest in intermittency studies has been the observation of large in- 
termittency effects in pp collisions, cosmic ray events, nucleus-nucleus collisions, 
hadron-hadron collisions, and e+e- annihilation, which could not be explained by 
Monte Carlo predictions. This has led to speculations about possible evidence for 
hadronic phase transitions[2], hadronic Cherenkov radiation[3], hadronic hydro- 
dynamics[4] (the name intermittency originates from turbulence theory in fluid 
dynamics), or fractal structures in hadronization[l,5]. For details we refer to 
recent reviews(6] and references therein. 

Here we will concentrate on the study of intermittency in e+e- annihila- 
tion, in which the intermittency effects are found to be largest. The DELPHI 
Collaboration[‘l] has searched for intermittency effects in 2’ decays. They found 
that the observed power law behaviour of Fp could be well described by the cur- 
rent hadronization models (see Fig. 1) in contrast to earlier results by the TASS0 
CollaboraGon[8] at a centre of mass energy of 35 GeV, who only observed quali- 
tative agreement with their Monte Carlo models. 

Recently there has been a nice analysis by the CELLO Collaboration[S] about 
intermittency in three dimensions and they find at 35 GeV a strong intermittency 
signal, which is in agreement with Monte Carlo too, so both at 91 and 35 GeV 
there seems to be no contribution to the intermittency outside the well known 
correlations from resonances, decays, and energy-momentum conservation. The 
intermittency in three dimensions is stronger, since the saturatioti effects through 
projection on a single axis are less severe in two or three dimensions. Also the 
HRS Collaboration has analysed their data at fi = 29 GeV and observe a 
strong intermittency signal, but they do not make a comparison with Monte 
Carlo models[lO]. 

Bose-Einstein correlations appear to play a minor role in the intermittency, 
as shown already in the Physics at LEP study[ll]. In this study it was shown 
too, that Monte Carlo models based on the exact second order QCD matrix el- 
ement and the ones based on the Leading Log parton showers gave completely 
different predictions for the factorial moments at LEP energies. It was shown 
by DELPHl[‘I], that the large difference disappears or even becomes of opposite 
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Figure 1: Dependence of factorial moments of rank 2 (a), S(b) 4 (c) 
and 5 (d) on the number M  of subdivisions in the rapidity interval 
for data at Ql GeV (DELPHI). Th e curves are the expectation from 
the Lund Parton Shower model (solid line), and the matrix element 
Monte Carlo before (dotted line) and aRer retuning (dashed line) of 
the rapidity distribution. 
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Figure 2: The averaged charged particle multiplicity in c+c- annihilation 
as function of the centre of mass energy with the prediction of the Lund 
Parton Shower model (a) and the same at 91 GeV with the prediction 
of the HERWIG Monte Carlo (b). 

sign by a slight retuning of the fragmentation parameters in order to describe the 
rapidity and aplanarity distributions at 91 GeV (see Fig. 1). The main effect 
of this retuning is to lower the particle density in a jet somewhat by increasing 
the transverse momenta from 350 to 500 MeV and decreasing the averaged mo- 
mentum in order to increase the charged multiplicity from 18 to the observed 
multiplicity of 21. Such minor changes reduce F, by more than 50% and change 
the slopes too! This indicates the sensitivity of the factorial moments to the 
tuning of Monte Carlo parameters. Before one claims new physics not described 
by Monte Carlo, one should make sure one cannot make the discrepancy between 
data and Monte Carlo go away by a slight retuning of the Monte Carlo param- 
eters. Since the intermittency is well described by Monte Carlo, the CELLO 
Collaboration has searched for the effect in the Monte Carlo and find that the 
rising slopes m  4, even for small bin sizes, can be mainly attributed to the 
Dalitz decays rro 4 e+e-7. If these decays are switched off in the Monte Carlo, 
F, becomes constant for small bin sises. 

3 Charged Particle Multiplicities 

At any new accelerator the measurement of the charged multiplicity distribution 
has always been of interest in order to compare it with lower energies and with 
other reactions. It is of special interest to see if the negative binomials, expected 
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Figure 3: The KNO distribution of charged particle multiplicities di- 
vided by the averaged multiplicity z = Nch/N.,, in e+c- annihilation for 
various centre of mass energies. 

in QCD[12], can still describe the data or to ree if KNO scding[lt] still holds. If 
KNO scaling holds, the multiplicity distribution normalized to the averaged mul- 
tiplicity should be independent of energy. Fig. 2 shows the charged ,multiplicity 
as function of centre of mass energy compared with the Monte Carlo prediction 
of the parton shower model from the LUND group[;lO] (taken front Ref. [14]). Ta- 
ble 1 summarizes the averaged multiplicities of the various experiments(l5]-[19]. 
The average of 20.7f0.4 is in good agreement with the expectations of 21.2 from 
the JETSET[ZO] - and 20.8 from the HERWIG[Zl] Monte Carlo. The DELPHI 
Collaboration has studied the multiplicity and rapidity distributions in detail[l8). 
They find: 

s KNO scaling holds reasonably well (see Fig. 3). It is interesfing to note that 
the KNO scaling function is close to the lognormal distribption, expected 

MARK - II 20.1 l 1.0 f 0.9 ALEPH 20.36f0.06f 0.79 
DELPHI 20.71 f 0.04 f 0.77 OPAL 21.28 f 0.04 f 0.84 

< Nch > 20.7f0.4 
JETSET PS 21.2 EERWIG 20.8 

Table 1: Charged particle multiplicities at the 2’ resonance. 

-- 



in self similar models(221. 

l The negative binomial distribution needs a modification in order to give a 
good description (see Fig. 4). 

l The predictions of the model of Ellis et al.[23] give the right averaged mul 
tiplicity, but the distribution is somewhat wider (see Fig. 4). 

s the slopes of the coefficient in the negative binomial distribution (l/k) are 
different for pp and e+e- (see Fig. 5). 

4 Comparison with Monte Carlos 
The Monte Carlo simulation of hadronic final states in e+e- annihilation consists 
of four phases: 

Primary quark production. 
The annihilation of the e+e- into a photon or Z”, followed by the produc- 
tion of a q?j pair of a given flavour. These diagrams are well understood 
and the Standard Model gives precise predictions. 

Perturbative radiation of photons and gluons. 
After the production of qq pairs, the accelerated quarks can radiate photons 
and gluons. The final state photon radiation by quarks can be very well 
studied on top of the Z”-resonance, since initial state radiation is small in 
this case and first results have been obtained by OPAL[24]. The results 
are in agreement with perturbative calculations. Gluon radiation can also 
be calculated perturbatively[25], as long as the strong coupling constant is 
still rather small, i.e., for hard gluons with a large Q’. For small Q’ the 
coupling increases towards infinity, which causes the confinement of quarks 
inside hadrons. The perturbative radiation of gluons is either calculated 
according to the exact second order QCD matrix element (ME) or using 
the Leading Log Approximation (LLA). The LLA allows the calculation of 
any number of collinear or soft gluons (developing into a parton shower), 
but the approximation is not valid for hard gluons. Therefore, hard gluons 
have to be treated specially. For example, in the parton shower model of 
the LUND group (version JETSET 7.2) the radiation of the first gluon 
is treated according to the first order QCD matrix element[20]. In the 
HERWIG Monte Carlo the parton shower is only based on the LLA, followed 
by cluster fragmentation[21]. The JETSET 7.2 program from the LUND 
group has the exact second order matrix elements available as options (both 
the GKS-[26] and the more accurate ERT matrix element[27] are available). 

3: Hadronization, 
In this non perturbative regime one has to resort to phenomenological mo- 
dels, like string -, or cluster fragmentation. A rather complete overview has 
been given in the Yellow Book on Physics at LEP[ll], while the underlying 
physics concepts have been well explained in a review by T. Sj&trand[28]. 

Figure 4: The charged particle multiplicity distribution compared with 
the negative binomial distributions in e+e- annihilation at 91 GeV. 

bW= 0 

Figure 5: The slopes of the coefficients in the negative binomial distri- 
bution for pp scattering and e+e- annihilation. 
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Figure 7: Comparison of the aplanarity- (OPAL) and rapidity (DEL- 
PHI) distribution at 91 GeV with various Monte Carlo models. The 
‘ERT retuned’ curve for the rapidity uses retuned parameters for the 
matrix element at 91 GeV and is close to the curves for the parton 
shower models. 
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Figure 8: The particle density for various z = p/Eh., bins as function 
of centre of mass energy. 

4: Decays of unstable hadrons and specific detector simulation. 

The parton shower models with the fragmentation parameters determined at 
PEP and PETRA energies appeared to describe reasonably well the data at the 
Zs-resonance[l5,16,17,18,19], as shown in Figs. 6 and 7. Note that the thrust and 
minor values are narrower at the higher energies, indicating that the jets become 
narrower and more planar. The models based on the exact second order matrix 
element could not describe the data at the higher energies with the parameters 
from the lower energy data. Especially the aplanarity and rapidity could not be 
described, as shown in Fig. 7. The curves labeled ‘ERT’ or ‘GKS’ correspond to 
the matrix element models, the other curves are from the parton,shower models. 
After a retuning of the fragmentation parameters, the agreement became much 
better (see Fig. 7b). The need for the retuning in the matrix element model could 
be traced back to the fact that the Q’ evolution of the fragmentation process, 
as predicted by the Altarelli-Parisi equations(291, has been implemented in the 
parton shower models, but not in the ME programs. This is a large effect, if one 
goes from PETRA to LEP energies, as shown by the first data from MARK-II[15] 
(see Fig. 8): the number of particles with small z = p/Eh., increases more than 
SO%, while the high momentum particles decrease by about 56%. The physical 
picture is clear: more (mainly soft) gluons are emitted at higherlenergies, where 
more phase space is available. The soft gluons fragment into soft hadrons, while 
simultaneously the fractional energy left over for the primary quarks becomes 
less, thus requiring a softer fragmentation function. 

By retuning the fragmentation functions in the ME models in order to take 
into account the Q* evolution, the agreement between the PS and ME models 
became much better[39], provided the definition of the strong coupling constant 
is similar in both cases, i.e., Q, should be evaluated at a scale of a few GeV, which 
is typically the QZ of the gluon emission. In the newest version JETSET 7.2 of 
the ME Monte Carlo from the LUND group it has become possible to choose the 
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DEFAULT(MKI1 PR D37(1988)1) Of 
b ALLI =p 

0.9 0.400 0!35 
TASS0 (ZP C41(1988)375) 0.18 0.34 0.260 0!39 
OPAL (CERN - EP/90 - 48) 0.18 0.34 0.290 0.37 

Table 2: Longitudinal- (a and b) and transverse (u,) fragmentation pa- 
rameters and QCD scale (ALLY) used in the Lund parton shower model. 

scale as a fraction of the centre of mass energy; before a, was always evaluated 
at Qs = s. A small scale is needed to describe the higher jet multiplicitier[Jl], 
as will be discussed in more detail in Sect. 7. Note that the necessity for a small 
scale is not a feature of the ME Monte Carlos, also in the PS models one has to 
choose the scale to be of the order of the p: of the gluon in order to describe the 
data. 

Although the global features of the LEP data were quite well described by 
the default parameters of the Lund parton shower model JETSET 7.2, it needed 
still some retuning, especially the J-jet rate came out too high, indicating a 
too large value of the QCD scale. The OPAL Collaboration[lS] has published 
their optimized values of the parameters and they find the QCD scale to be 290 
MeV instead of the default value of 400 MeV. This value is close to the value 
published by the TASS0 Collaboration[32] from data at 35 GeV, but differs from 
the one by the MARK-II Collaboration[33] obtained at 29 GeV. The latter one 
has been taken as default in JETSET 7.2. The differences have been summarised 
in Table 2. Note that the value of the QCD scale in the PS model is not A%, but 
something I have denoted with ALLY, since this program is based on a combination 
of the Leading Log Approximation and the first order 

P 
CD matrix element. For 

example, a value of A~~,=260 MeV corresponds to A$=100 Me,V in the ME 
Monte Carlo[30]. After retuning its parameters, the ME model agreer reasonably 
well with the PS option, at least in the regions where hard gluonr dorninate[tO]. 
Especially the jet rates are in good agreement, even up to g-jet find states, as 
shown in Fig. 9. 

The jet multiplicities of 5 or higher start to be present only for yti below 0.01, 
i.e., in the fragmentation region, where the jet masses start th be important. In 
the ME option at most 4 jets are generated at the parton level, but fragmentation 
generates the higher jet multiplicities just as well as the PS option. Note that the 
fraction of 4-jets is small, as expected from the fact that 0,s is a small number. 
This is the main reason why the ME models can describe the eyent shapes in the 
regions where hard gluons dominate. 

5 Coherence of Soft Gluons 
The OPAL collaboration[34] has made a comparison of the hadron momentum 
spectra with the predictions based on leading log calculations including the inter- 
ference between soft gluons, as calculated by the Leningrad groups[35]. They find 
that the expected peak in the ln p spectrum is well reproduced by the data over 



Figure 10: The charged particle momentum spectra for various centre of 
mass energies (a) and the behaviour of the peak as function of centre 
of mass energy (b). 

the whole energy range between 14 and 91 GeV, as shown in Fig. 10. Note that 
these predictions have only one single parameter - apart from the overal normal- 
ization - and therefore the comparison is non-trivial. Without interference the 
spectra would not decrease so strongly for low momenta. 

However, the suppression of the low momentum particles is in the region where 
the hadron masses play a role and the theoretical formulae are only valid in the 
region where the momenta are much larger than the hadron masses. Decays of 
massive particles cause a decrease of the low momentum particles and indeed 
Monte Carlos without interferences show a large suppression of these low mo- 
mentum particles too. Therefore, a more sensitive test is the study of the peak 
shift as function of J;. 

The energy dependence of the peak of the In p spectrum can only be described 
by Monte Carlo models including the interference effects, either by the angular 
ordering of the gluon emission in parton showers or by the string effect or by both 
(see Fig. lob). As an alternative model without interference one could try to use 
independent fragmentation models. However, they exist only in matrix element 
versions without Q2 evolution, so they do not describe the energy dependence. 
Therefore, OPAL has tried to replace the string fragmentation in the parton 
shower models by independent fragmentation, since in this case the Q* evolution 
is taken into account. They fmd that such a model without interferences does 
not reproduce the energy dependence (see Fig. lob), but is much closer to the 
slope of 1 expected if the spectrum of soft particles is dominated by phase space 
effects. 

Although it is difficult to call the behaviour of the momentum spectra as 
function of energy evidence for the colour coherence in QCD, because of the 
finite energies where mass effects are still important, this is again a case where 
QCD cannot be proven, but it does a wonderful job in describing the data. 

6 String Effect and Gluon Ehgmentati n 
One of the interesting aspects of QCD studies at 91 GeV is the fLt that the 
gluon jets are ‘healthier’ than at PEP- and PETRA energies, as mentioned in the 
introduction. For example, typical gluon jet energies are 20 GeV for reasonably 
efficient jet selections (20% 3-jet events!), as shown in Fig. 11. Here the jet 
energy has been determined from the angles between the jets: 

with (j,k,l) = (1,2,3) and permutations. At PEP - and PETRA energies the 
maximum possible gluon energy was around 10 GeV (in the so-called MER- 
CEDES events n which all three partons have the same energy); the higher jet 
energies at LEP yield a better collimation of jets and therefore a better separa- 
tion between the jets. These facts make it interesting to repeat the well known 
studies at lower energies concerning the particle flow in 3-jet events[36] and the 
difference between quark and gluon jets[37], especially since the results on the 
last topic have not been very conclusive. 

6.1 String effect 

The DELPHI Collaboration has started these studies[38] at LEP. To define jets 
they have used the LUCLUS algorithm, which is part of the LUND Monte 
Carlo[ZO]. This cluster algorithm starts to cluster around the most energetic 
particles and joins other particles according to a measure closely related to the 
pt of the particles ’ in contrast to the popular ‘JADE’ cluster algorithm, which 
starts the clustering of particles with the lowest invariant masses and therefore 
starts usually with the soft particles first and clusters the more energetic particles 
around these soft particles. Furthermore, in this algorithm the particles cannot 
be reassigned to another cluster, which causes particles in opposite directions of 
the jet axis to stay within that jet, thus generating artificially broad jets (39). 

The particle flow in 3-jet events exhibits the so-called string effect: in the event 
plane determined by the two vectors corresponding to the two largest values of 
the sphericity tensor, the particle flow around the most energetic jet shows an 
asymmetry. This effect, first observed by the JADE collaboration at PETRA 
energies and later on confirmed by others[36], is shown for the DELPHI data 
in Fig. 12. together with Monte Carlo curves from string fragmentation (SF) 
and independent fragmentation (IF) models. In this figure the most energetic jet 
is aligned at 0” and the angles of the particles in the event planb are measured 
with respect to this jet axis with the positive direction given by the second most 
energetic jet, which peaks at 120°. The valley between the two most energetic jets 
at 80” has clearly less particles than the valley at 270’. The string fragmentation 
model describes this asymmetry well in contrast to independent fragmentation, 
hence the name “string” effect. 

There are several contributions to the “string” effect: 

‘They used the default option in LUCLUS with the DJOIN parameter set to 5 GeV. which 
yields a 3-jet rate of about 20% of the total number of events. 
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Figure 11: The energies of the three jets in 3-jet events selected with 
the Lund jet finder LUCLUS with djkn = 5 GeV. Data from DELPHI. 
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Particle flow in the event plone d 

Figure 12: The particle flow in J-jet events. Data from DELPHI. 

1) The “drag” effect , i.e., particles arc dragged towards the si of the gluon 
radiation by the boost of the string. 

2) Interference effects at the parton level. This has been forward i d as a “QCD” 
explanation why the string picture works so wc11[40]-[43]. ’ 

3) The “showering effect”, i.e., a hard gluon radiated on one side can be split 
into several other partons, thus spilling particles on one side of the hardest 
jet, but hardly on the other side. 

In the ME option the whole string effect has to be attributed to the ‘drag’ effect, 
since at the parton level this effect is practically absent. 

A Monte Carlo study reveals that in the parton shower model most of the 
string effect is already present at the parton level, at least if a small cutoff for the 
stopping point of the shower is used. Therefore the ‘drag’effect hardly contributes 
in this case; at the parton level both the showering effect and interferences can 
contribute. 

The interference effects, as implemented in the Monte Carlos by angular or- 
dering of the gluon emission, turn out to have little influence on the string effect’ 
[42,38]. Naively, one would conclude that the showering effect would then domi- 
nate. However, according to the cxperts[41] the angular ordering is only related 
to the interferences within a jet, while the string effect is only related to the inter- 
ferences bettuecn the jets. These are called the intra-jet and inter-jet interferences, 
respectively. In how far the ‘inter-jet’ interferences have been implemented in the 
shower Monte Carlos is not clear. Therefore, it is not clear how much of the 
string effect at the parton level is due to the ‘showering’ effect and how much is 
due to the inter-jet interference. 

It is interesting to note, that the so-called ‘Modified Independent Fragmen- 
tation’ models can describe the string effect too[44]. In these models the pf of 
the particles is made dependent on the longitudinal momentum in such a way, 
that it happens to reproduce the coherence effccts[45]. Howevcr,,it still remains 
to be seen, if these models can describe other aspects of t$c event shapes in 
e+e- annihilation too. 

6.2 Gluon fragmentation 

The letit energetic jet in 3-jet events is most likely the one closest to the original 
gluon direction. A Monte Carlo study reveals that this happens in 53% of the 
casts, while the probability for the first and second jet to be the gluon is 18% 
and 25%, respectively. So one can compare the properties of the third jet with 
respect to the first two jets to search for differences bctweeh quark and gluon 
jets. 

Fig. 13 shows the opening angles of particles inside the jets. All jets have the 
same distribution above 20”, but below 20’ the third jet has a factor three less 
particles than the first two ones. Such a depletion is expected for gluon jets, since 
gluons most likely split into other gluons before fragmenting, thus naively yielding 
broader jets and a lower “core” density. To see if this depletion is really due to a 
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Figure 13: The distribution of opening angles of the particles in the 
three jets of S-jet events. Data from DELPHI. 

difference between gluon and quark fragmentation, one has made a Monte Carlo 
comparison between the gluon jet at ,/i N 91 GeV with quark jets in P-jet events 
at A=40 GeV and quark jets in 3-j& events at ,&SO GcV. In all cases the jet 
energies are approximately 20 GeV (in the 3-jet case at 60 GeV the second jet 
was taken). 

The 20 GeV quark jet in a 3-jet environment agrees reasonably well with a 
20 GeV gluon jet, but II 20 GeV quark jet in a 2-jet event shows a considerably 
different angular distribution. The differences between the two quark jets of 
20 GeV in Fig. 14 can be explained as follows: At large angles it is probably 
connected with the larger angular range available in 2-jet events, since in 3-jet 
events particles at angles above 70” are likely to be sssociated to other jets. In 
the range from 20”-50” the strings in the 3-jet events “drag” more particles into 
this region, thus causing a quark jet in a 3-jet event to look more like a gluon jet. 

This study clearly shows that it is difficult to talk about “the” quark fragmen- 
tation: in general the fragmentation depends on the environment in which the 
quark is imbedded, as expected since isolated quarks do not c&t if confinement 
holds. All one can say is that the current string fragmentation models describe 
the fragmentation of both quarks and gluons very well in all environments. 

7 Jetmultiplicities 
The motivation for studying jet multiplicities has been twofold: 

d 

Figure 14: A comparison of the opening angles in a ‘gluon’ jet at 91 
GeV, a ‘quark’ jet in 3-jet events at 61 GeV, and a ‘quark’ jet in Z-jet 
events at 40 GeV, as obtained from the ME JETSET 7.2 Monte Carlo. 
In all cases the jet energies are around 20 GeV. 

s The relative jet rates are determined by a,, thus providing the possibility 
to determine this fundamental constant. 

c The running of Q, can be proven by studying the 3-jet rate (Rs) as function 
of centrc of mass energy. 

Rs is shown as function of J; in Fig. 15 for energies betivccn 14 and 91 GeV 
using data from PEP, PETRA, KEK, and LEP, as compiled by S. Bethke[46]. 
Amazingly, all experiments have been able to use the same de$nition of &, i.e, 
the same jet finder, namely the one introduced by the JADE Collaboration[47]. 
The firstSdata at 91 GeV, as obtained by OPAL[49], clearly established the de- 
crease of Jr, in agreement with the running of a, by upected in’ QCD. Lateron, 
the jet rates at 91 GcV were confirmed by the DELPHI[SO] and L3[51] collab- 
orations. In first order a,(r) a l/In(p). Therefore one expects a straight line, 
if the 3-jet rate is plotted as function of l/ln(Eou). Indeed, the data is well 
described by such a straight line, as shown in Fig. 15b (from [48]). The line is 
compatible with going through the origin, i.e., a vanishing Q, for infinite energies, 
as expected from the concept of asymptotic freedom. 

The determination of P, turned out to be more tricky. The Am values 
quoted by DELPHI[BO], L3[51], MARK-11[52], and OPAL[49,53], can czsumma- 
rized as: 

80 <1$<350 MeV. 
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Figure 15: The fraction of 3-jet events as function of centre of mass 
energy (ECM) (a) and as function of 1/1x1(&~) (b). 

The spread in As originates from three sources: I 
I 

s The fitting procedure. I 

a The renormalization scale dependence, i.e.,choice of scale in 1 he definition 
of Q.. 

l The recombination scheme dependence, i.e., which cluster algorithm is used 
to define the jets. 

All three points are interrelated, since e.g.,different recombination schemes show 
a different dependence on the renormalization scale. Some people call this the re- 
combination scheme dependence, others claim there is no recombination scheme 
dependence, only renormalization scale dependence. bet me discuss these prob- 
lems first separately. 

7.1 Renormalization scale dependence 

The definition of the strong coupling constant involves two scales: one is an 
unphysical renormalization scale p used to regularize the infmities in the loop 
corrections and then the physical Q’ scale. One can trade the renormalization 
scale p for a p independent QCD scale A[54], in which case one’finds up to order 
Ola.‘k 

\  -I 

o.(Q')=&['-$y] 

with 
L = In(Q’/Ab) 
po = 11 -in, 
p, = 2(51 - +t,) . 

We will use the usual m  renormalization scheme[55]. Since a, depends only on 
the ratio of Q’ and A& , a different choice of renormalization scheme or scale, 

i.e., of A%, can be compensated by a different choice of Qz. Therefore, studying 
the renormalization scale dependence can be done by defining Q’ = f * s, where 
f is a renormalization scale factor. 

The number of flavours n,=5 at Q2 = Mi, but for a choice of Q’ below the 
b-mass one has n,=4. The unphysical jump in Q,, if one crosses a new quark 
threshold, can be compensated by a corresponding change in A$&54], hence the 
upper index in A% indicates the number of flavours used., Although in the 
Monte Carlo’s the scale factor f is typically so small, that nl=4 should be used, 
we will follow the usual practice and quote the final results fpr Q2 = Mg and 
nf=S. The simplerelation between A$$ and A& is given in Ref. [54]. 

Physical observables are independent off, if they are calculated to all orders. 
In finite order perturbation theory there exists some dependence on f and several 
choices of f have been proposed(56,57,58] in order to minimize the sensitivity to 
higher orders. Instead of choosing such a particular scale, one better studies 
the scale dependence for a reasonably large range, which can be easily done as 
follows. Suppose an observable has been calculated up to second order: 

0 = C,a. + C2Qa2. (3) 
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If one chooses a different scale QR = f-Q’, one obtains from the renormalization 
group equation (or from its solution, Eq. 2) a change do, in the coupling constant: 

da, = -&a.’ In f + O(a,‘) . (4) 

To keep the observable the same, one has to absorb the change in o, in different 
coefficients C; and C;, i.e., 

do = a. - dC1 + Cl . da. + 0.’ - 1322 + O(a,‘) .= 0. (5) 

Since each power of P, has to be zero, this yields: C; = Cr and C; = Cs + &, . 
Ct -In f. As expected, the first order coefficient is independent of the scale, since 
the loop corrections only enter in second order. 

For a given observable and scale one can solve Eq. 3 for a, and calculate the 
corresponding At‘) Rs ; the result is shown in Fig. 16 for z = Jf between 0.04 and 
1 for the jetmultiplicities and the asymmetry in the energy-energy correlations, 
both to be discussed below. One observes a stronger scale dependence for the jet 
rates due to the larger second order corrections, which have been indicated in the 
figure too and were obtained from Refs. [59,60]. 

This dependence is calculated at the parton level. A different choice of scale 
leads to different higher order corrections, as can be easily seen from the expres- 
sion for C; given above. At the hadron level part of the higher order corrections 
are absorbed in the fragmentation part and the renormalization scale depen- 
dence at the hadron level can be considerably smaller, if one requires that for 
different choices of scale the fragmentation parameters are retuned to get the 
right momentum spectra. This can be easily done, if one fits with the full Monte 
Carlo, as will be discussed below. 

I 

7.2 Fitting Procedures 

In order to compare QCD with data, one has either to correct the data to the 
parton level or “dress” the theory with fragmentation effects. 

In the first case the question is : Which parton level? It has been suggested by 
Kunszt and Nason[SS] that one should use the parton shower parton level, since 
the averaged number of partons with invariant masses above 1 GeV between all 
pairs is about 11 at LEP energies, which is significantly higher than the maximum 
number ,of 4 partons in second order QCD. However, comparing this LLA parton 
level with an exact second order QCD calculation with at most two gluons is 
inconsistent and does not lead to a determination of A!$ in second order, but 
rather to a scale which is a mixture of the LLA and exact second order QCD. 
For convenience I call this scale Ar,~r. 

As mentioned before, most of the additional gluons in the LLA are soft and 
the jet rates can be well described in second order too. Therefore, one can use 
the second order ME for extracting Q, from the jet rates, especially since these 
are rather insensitive to the fragmentation parameters and the exact tuning of 
the distributions within a jet. 

The results of the two methods can be rather different, as is demonstrated 
in Fig. 17, which compares the jet rates for the parton shower- and matrix 
element models. If one inserts A LL~ into the second order Monte Carlo, one finds 
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Figure 16: The renormalization scale dependence of A$$ for the AEEC 
and the 3-jet rate &. Rp and e are the S-jet rates for the EO and E 
recombination schemes. The upper index of the AEEC indicates the 
energy cut in the Sterman-Weinberg recombination scheme. 
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Figure 17: A comparison of the jet rates at the parton- and hadron level 
for the matrix element (ME) and parton shower (PS) models for the 
scale A~~~=164 MeV (a) and A@) - w350 MeV (b). In case (a) one fits 
the parton levels to each other, in case (b) the badron levels. Clearly, 
these two fltting procedures do not yield the same A for this variable. 

indeed that the parton levels agrees, I as expected, since this was how ALLY has 
been determined, but at the hadron level the 3-jet rate is clearly 

i 
oolow for the 

second order ME’. The scale A% has to be increased to 350 MeV in order to get 

agreement at the hadron level (see Fig. 17b), which clearly showk that A& is 
different from ALLY in this case. Therefore, fitting a second order expression for 
the 3-jet rate to the data, corrected to the parton level of the parton shower 
model, does not necessarily lead to a consistent determination of A% in the 
sense that putting ALLY into a second order Monte Carlo does not reproduce the 
jet rates. 

Fortunately, there is no need to use such inconsistent methods, since the 
number of events with more than two hard gluons (m a.3) is negligible, even at 
LEP energies and the ME models can describe the data well in the regions where 
hard gluon radiation is important. 

‘Good’ variables to determine (1, are those who show a large sensitivity to 
A$& and a small sensitivity to the fragmentation parameters. If o, is determined 
by asking which A!$ in the Monte Carlo gives the best description of the data, 
one does not worry so much about the close correspondence between partons and 
hadrons, as long as the difference between them is well described by the Monte 
Carlo and rather insensitive to the tuning of the fragmentation parameters. For 
example, for the AEEC the fragmentation effects are non-neglibible, but well 
described by the Monte Carlo and insensitive to the tuning of the fragmentation 
parameters (see Sect. 8). 

7.3 Recombination Scheme Dependence 

A definition of the jet multiplicity requires the definition of a jet resolution and 
a ‘jet finder’ algorithm. The most popular jet finders have been the ones based 
on invariant masses: the four vectors of the two particles or ‘pseudo-particles’ 
are added to form a new pseudo-particle. This process is repeated until the 
scaled invariant mass y = h4,:/a between all pairs of pseudo-particles are above 
a certain minimum value ymin. The number of pseudo-particles is by definition 
the jet multiplicity. 

There are several ways to add the particles to peudo-particles[59,53]. The 
most common ones have been summarized in Table 3. In all! cases the direction 
of a pseudo-particle is determined by the vectorial sum of the 3-momenta of the 
two primary particles. The schemes differ in the calculation of the energy and 
the invariant masses. In the so-called P-schemes the pseudo;particles are kept 
massless by setting the energy equal to the momentum, thus resembling massless 
partons, which is convenient for Monte Carlo applications. How+zver, this does not 
conserve energy; in the PO-scheme ycUl is resealed to the continuously decreasing 
energy. The E-scheme is Lorentz invariant, so it can be applied in any reference 
frame; the others have to be applied in the laboratory frame. In most schemes 

‘Here I used A ~1=154 MeV for an ‘optimum’ renormalization scale factor f=0.113, as de- 
termined by OPAL[53]. 

‘The comparison was only made for the ERT ME with the P-recombination scheme, since this 
is the one which is available as default in the IETSET 7.2 Monte Carlo. 
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Schemes Mi’j Pij Remarks 
E (Pi + Pj)2 Pij = Pi + Pj Lorents invariant 

JADE 2&Ej( 1 - cos Bij) Pij = Pi + Pj masses neglected in Mj 
EO (Pi + Pj)2 Tij = &@i + Fj) p not conserved 

Eij = E; + Ej 
P (Pi + Pj)’ hj = iri + pj E not conserved 

Eij = (pij( 

PO SSP MP as P, but yN, resealed to new 
EC after each recombination 

Table 3: Jet Recombination Schemes. The index ;j indicates compo- 
nents of the pseudo-particle built from the particles i and j. 

v=O.O8 1 JADE scheme 1 P scheme I PO scheme I E scheme 

Table 4: The transition probabilities of parton multiplicities (n-p) to 
hadron jet multiplicities ( n-j ) at 91 GeV in the various recombination 
schemes for a jet resolution y of 0.02, 0.05, and 0.08, respectively. 
Here I have used the standard ERT matrix element as implemented 
in JETSET 7.2 and applied the same cluster algorithm to the parton 
and hadron level. The probabilities have been normalized to the total 
number of events, so the sum is one and the sum within each column 
yields the n-jet rate at the hadron level, while the sum within each 
row yields the n-jet rate at the parton level. Note that for the ‘JADE’ 
scheme the 2-p to 3-j transition is approximately equal to the 3-p to 
2-j transition, which results in approximately equal jet rates at the 
hadron- and parton level, although the migration between the 2- and 
t-jet classes is as large as 30% . 
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Figure 18: The fractional jet multiplicities as function of the jet resolu- 
tion for 4 recombination schemes at the hadron - and parton level for 
the Lund parton shower model. Data from OPAL. 

the invariant mass is calculated exactly, i.e., 

M,fi=Pi+Pj=2E;Ej(l-cos8ij))+mf+m~ . 

In the JADE scheme the masses mi and mj are put to sero.’ In practice the 
EO scheme is close to the JADE scheme[53]. The JADE jetfinder has become 
so popular, while the jet rates at the hadron level are close to the jet rates 
at the parton level in contrast to the other recombinations schemes. This is 
shown in Fig. 18 from a study by OPAL, who compare the jet multiplicities 
as function of the jet resolution at the hadron and parton level[49,53] using the 
parton shower Monte Carlo JETSET 7.2. One observes good agreement with the 
data for all recombination schemes for a single value of the QCD scale in the 
Monte Carlo. This recombination scheme independence is only possible for small 
renormalization scales, in which case all methods tend to yield similar A% values 
(see Fig. 16). 

The correspondence between a 3-jet event at the parton - and hadron level is 
not one to one, even for the JADE scheme, as suggested by Fig. 18. For example, 
if one generates only 3-parton events in the Monte Carlo, about 30 % of them 



1  

b e c o m e  P- je t  events  at the h a d r o n  level ,  as  s h o w n  in  Tab le  4. O n  the o ther  h a n d  
2- jet  par ton  events  contr ibute to the 3- jet  rate at the h a d r o n  leve l  a n d  the ave rage  
n u m b e r  of 3- jet  events  at par ton  a n d  h a d r o n  leve l  h a p p e n  to ag ree  very  wel l ,  but  
this is pure ly  accidental .  Therefore,  it is not  a  pr ior i  c lear  if the J A D E - s c h e m e  is 
a  m u c h  better s c h e m e  than the o thers  for the de terminat ion  of Q .. 

F r o m  Tab le  4  o n e  observes  too, that the la rge  ‘f ragmentat ion correct ion’ in  
the E -scheme,  i.e., the d i f ference in  jet rates be tween  had ron -  a n d  par ton  level ,  
or ig inates f rom the la rge  backg round  of 2- jet  events,  wh ich  b e c o m e  classi f ied 
as  J-jet events  because  of the la rge  je tmasses at the h a d r o n  level ,  wh i le  the 
la rge  ‘f ragmentat ion correct ion’ in  the P - s c h e m e s  is d u e  to the pur i ty of the 
3- jet  sample ,  i.e., the backg round  f rom l -par- ton states is sma l l  a n d  does  not  
compensa te  the losses of the migra t ion  of 3 -p  to 2- j  l ike in  the J A D E  scheme.  
Note  too that the pur i ty of the 4- jet  s a m p l e  is h ighest  in  the P-schemes ,  i.e., the 
backg round  f rom 3 -p  events  is smal l .  

T h e  extract ion of a, f rom the data  has  b e e n  d o n e  in  ra ther  di f ferent ways  by  
the dif ferent groups:  

T h e  O P A L  Col labora t ion  fo l lows the suggest ion  by  Kunsz t  a n d  N a s o n  a n d  
correct  their  da ta  to the par ton  leve l  in  the P S  mode l ,  us ing  al l  poss ib le  r ecom-  
b inat ion s c h e m e s  g iven  in  Tab le  3. 

DELPHI ,  L 3  a n d  MARK- I I  ana lyze  their  data,  s h o w n  in  Fig. 19,  wi th in the 
f ramework  of second  o rde r  QDC.  MARK- I I  uses  on ly  the Eb -scheme,  in  wh ich  
the f ragmentat ion correct ions a re  sma l l  (3-50/c).  They  neglect  this correct ion 
a n d  fit the par ton  leve l  express ion  direct ly to the data,  but  inc lude  this m iss ing  
correct ion in  the systemat ic  error .  D E L P H I  a n d  L 3  correct  the theoret ical  jet 
rates wi th a  correct ion matr ix  in  o rde r  to b e  ab le  to c o m p a r e  them direct ly to the 
data .  T h e  D E L P H I  Co l labora t ion  has  ob ta ined  this matr ix  f rom the exact  second  
o rde r  M E  Mon te  Car lo ,  b a s e d  o n  the K L ’ matr ix  e lement [61] .  They  no ted  that 
for the K L ’ s c h e m e  this matr ix  correct ion is very  sma l l  a n d  used  it for the o ther  
recombina t ion  s c h e m e s  too. T h e  L 3  C o 1 1  abora t ion  has  u m d  the G K S  matr ix  
e lement [26] ,  wh ich  is the defaul t  in  the J E T S E T  7.2 Mon te  Car lo .  

T h e  f inal  resul ts f rom DELPHI [50] ,  L3[51]  O P A L [49,53),  a n d  MARK-I I [52 ]  
have  b e e n  s u m m a r i z e d  in  Tab le  5. In a l l  cases  the A $  have  b e e n  de te rm ined  
f rom a  fit of the theoret ical  express ions[61,59)  of the form: 

R 2  f d ? =  
Q tol 

1  +  c,,, . a, +  c,,, . a .? 

R 3  E  =  =  C,, . a. +  c s m 2  . a a  
ffcol 

(6)  

w h e r e  ~ ~ ~  is the total hadron ic  cross sect ion a n d  Q , a re  the co r respond ing  n -  
par ton  cross sect ion. C,,s a re  the k -  th o rde r  Q C D  coeff ic ients for n  -  par ton  
events.  

S o m e  care  has  to b e  taken in  fitting the jet rates as  funct ion of the jet res-  
o lu t ion because  of corre lat ions:  a  s ing le  event  can  contr ibute to a l l  jet c lasses 
s imul taneously ,  of course  for di f ferent jet resolut ions.  To  avo id  such  corre la t ions 
the L 3  Co l labora t ion  has  taken the sens ib le  app roach  of fitting Rs  for on ly  o n e  
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Figure  IQ : T h e  fract ional  jet rates as  funct ion of the jet reso lu t ion f rom 
D E L P H I  a n d  L S  a n d  the y, d istr ibut ion f rom MARK- I I  at 2 9  a n d  9 1  
G e V . y S  is de f ined  as  the smal les t  invar iant  m a s s  in  the events,  recon-  
structed as  S- je t  events.  Note  that the curves  th rough the D E L P H I  
data  use  a n  ‘opt imized’ scale,  wh ich  y ie lds a  g o o d  descr ip t ion of the 
4- jet  rate. 

va lue  of the je t resolut ion -ysyc =  O - 0 8 -  a n d  cons iders  the compar i son  of the jet- 
rates for o ther  yns  va lues  as  test of QCD.  S u c h  a  se lect ion of jets inc reases  the 
statistical e r ro r  somewhat ,  but  this e r ro r  is anyway  neg l ig ib le  c o m p a r e d  to the 
systemat ic  errors.  T h e  o ther  co l labora t ions have  fitted the di f ferent ial  jet rates, 
in  wh ich  each  event  enters  on ly  once  in  the t ransi t ion f& m  jet’i+ l  to jet i. 

In spi te of a l l  the d i f ferences in  ana lyz ing  the data,  the resul ts of the g roups  
ag ree  wi th in errors,  but  these er rors  a re  la rge  a n d  domina ted  by  the renorma l i za -  
t ion sca le  d e p e n d e n c e  of the var ious  schemes,  ss s h o w n  in  Tab le  5  a n d  upec ted  
f rom Fig. 16.  It shou ld  b e  no ted  that s o m e  exper iments  have  quo ted  the o, va lue  
symmet r i zed  be tween  the o n e  for a  renormal iza t ion  sca le  factor f =  1  a n d  f 
smal l ,  o thers  on ly  quo te  the va lue  for f =  1. F igure  2 0  shows  the a. va lues  for 
the sma l l  sca le  f =  0 .002  a n d  f =  1  separate ly ,  wh ich  c lear ly  shows  that the 
renormal iza t ion  sca le  d e p e n d e n c e  is the domina t ing  error .  

T h e  s r row o n  the va lues  for f =  1  ind icates that this f va lue  is a  ra ther  
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Figure 20: A summary of Q. values from jet multiplicities (JADE recom- 
bination scheme) and the asymmetry in energy energy correlations. 
The solid lines correspond to the values obtained for an optimized 
renormalization scale, while the dashed lines correspond to Q’ = S. 
For the AEEC the two values are close together, while for the jetmul- 
tiplicities the scale dependence is the dominating error. The vertical 
line at a.=0.107 corresponds to the averaged value of the solid lines. 

arbitratry cutoff. Theoretically there is no strong reason why one should not 
consider the errors from even larger scales, since, as mentioned before, physical 
observables are independent of the choice of scale, if the higher order contributions 
are negligible. As is obvious from Fig. 16, larger values would lead to larger values 
of a,. 

It should be noted that for the fragmentation corrections in all cases Monte 
Carlos with a small scale have been used, since only in this case the contribu- 
tions from four or more jets have been estimated correctly. Therefore, it is more 
consistent to quote the LI, values corresponding to the small scales. Averaging 
the values for the small scales (including the one for the AEEC, to be discussed 
in the next section) leads to 

Q, = 0.107 f 0.007, 

as indicated by the vertical line Since the errors are dominated by systematics, 
it is difficult to estimate the error. As a conservative estimate I have taken half 
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Table 5: a.(@) from jet rates. The theoretical error is dominated by 
the variation of the renormalization scale factor f between 0.001 and 
1. 

of the difference between the two extreme values. 
Recently, the recombination dependence has been studied by Kramer and 

Magnussen[62]. They find little difference between the E- and EO-scheme in 
contrast to the results from OPAL[53] and the numbers in Table 4. This ap- 
pears to be due to the fact that they apply the EO invariant mass criteria to the 
pseudoparticles from the E-scheme, so there E-scheme is really E*EO and it is 
not surprising that these two agree, since now the clustering as well as the jet 
resolution criteria are similar. 

8 Energy-Energy Correlations 
The asymmetry in the energy-energy correlation (AEEC) was introduced by 
Basham, Brown, Ellis and Love(63] as a ‘good’ observable to determine the strong 
coupling constant o,, since it is relatively insensitive to fragmentation effects, 
which mainly contribute symmetrically to the energy-energy correlations (EEC). 
Subsequently the second order corrections have been calculated[60,64,65,59], and 
found to be reasonably small at the parton level (15% for the AEEC at the parton 
level). Experimentally the energy-energy correlation (EEC) can be defined as a 
histogram of all angles between all pairs of particles, weighted with their energies: 

where Et is the energy of particle i, xij is the angle between particles i and j, 
x is the opening angle for which one studies the correlation, Ak is the bin width, 
N is the number of events, N,, is the number of particles in 

\ 
he event, and the 

Table 6: Q, from the asymmetry in the energy-energy correlations. 
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Figure 21: The corrected DEC and AEEC at the hadron level compared 
with the exact second order QCD matrix element Monte Carlo followed 
by string fragmentation. Data from DELPHI. 

weights are normalized to the visible energy E”i, = Cyp* Ei. The integral of the 
C-function is 1 for combinations inside the bin and sero otherwise. 

Such a histogram shows two peaks (see Fig. 21): the peak below 30” corre- 
sponds to the angles between pairs of particles inside a jet, while the peak near 
1800 corresponds to angles between particles in opposite jets. Gluon radiation 
causes an asymmetry around 90”. This can be seen easily at the parton level, 
where two large angles and one small angle in a qqg event give more entries at 
large angles than at small angles. 

The asymmetry is defined as: 

AEEC(x) = EEC(180” - x) - EEC(x), 0” < x 5 90” . 

On average, the l-jet contribution to the EEC cancels in the asymmetry. This is 
a unique feature of the asymmetry: it is rather insensitive to the tuning of the 
fragmentation parameters, which mainly change the EEC in a symmetric way. 
The weighting of the angles with the energy makes the EEC infrared stable, i.e., 
the contribution of soft gluons goes to zero as their energy goes to zero. 

Many experiments have studied the AEEC and determined o,[SS]. At LEP 
the AEEC has been studied by the DELPHI- and OPAL Collaborations[67,68]. 
The resulting Q. values have been summarized in Table 6 and plotted together 
with the o, values from the jet rates in Fig. 20. The approaches from OPAL and 
DELPHI differ like in the Q, determinations from the jet rates: OPAL corrects 
to the parton level of the parton shower program and fits various second order 
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c CFNC 

QCD 

65% 

6% 41% 10% 
-0.1% 0.5% 

Table 7: Contributions to I-jet events in second order QCD and theories 
without gluon self coupling. The last three colums give the fraction in 
each class after the DELPHI detector simulation. 

expressions to this parton level of the LLA combined with the first order matrix 
element, thus determining ALLY as defined in the previous section. Their quoted 
experimental error is dominated by the difference between the analysis based on 
charged and neutral tracks, while the theoretical error stems from the difference 
between the various second order QCD calculations. The given Q. value is for 
a renormalization scale of f=l, but they find the dependence on the scale to be 
negligible. 

DELPHI has determined o, within the framework of exact second order QCD 
by fitting the As in the JETSET 7.2 Monte Carlo using the ERT matrix 
element. Their quoted errors have similar contributions from statistical and sys- 
tematic errors. The latter have been estimated by varying the fragmentation 
parameters of the longitudinal- and transverse fragmentation function, which are 
the main ones influencing the angles of the leading particles (remember the AEEC 
is weighted with the energy of the particles). The quoted value is for a renormal- 
ization scale f=O.O02, which is the default value in the Monte Carlo and is known 
to give a correct description for the contribution of the 4-jet rate. If the scale in 
the Monte Carlo is set to 1, they find that As increases by 3d MeV, which is 
quoted as the theoretical error. As is clear from Fig. 20, the Q. values from the 
jetmultiplicities and AEEC are in excellent agreement with each other. The fact 
that these methods with completely different contributions from fragmentation 
yield the same value of Q, gives confidence in our understanding of the event 
structure originating from perturbative QCD. 
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Figure 22: Distribution of xsz in 4-jet events with y-t = 0.01 compared 
with QCD, the abelian theory and qqqij only. The difference between 
the abelian theory and QCD stems mainly from the difference in 4- 
quark Anal states, not from the absence of the triple gluon vertex in 
the abelian theory. Data from OPAL. 

9 Search for Triple Gluon Vertex 

In QCD the gluons carry colour, which implies that gluons can interact between 
themselves. This gluon self interaction is responsible for the running of the cou- 
pling constant, as discussed before and thought to be responsible for the con- 
finement of quarks inside hadrons. However, it is difficult to prove the existence 
of the gluon self interaction directly. In high energy proton-proton collisions the 
2-jet cross sections would be much smaller without gluon-gluon interactions. 

In e+e- annihilation the triple gluon vertex leads to additional 4-jet final 
states (qqgg). However, double gluon bremsstrahlung and four quark final states 
lead to 4-jet final states too and distinguishing between all three contributions 
by means of the different angular correlations due to the different helicities in the 
final state is not easy. Table 7 summarizes the contributions from the various 
classes in QCD and the Abelian analog, in which the triple gluon vertex has been 
put to zero. These contributions are only approximate, since mBss effects have 
not been included. Note furthermore, that each class has many more graphs 
contributing than indicated by the graphs in quotes, since these single graphs are 
not gauge invariant. Only the groups of classes proportional to specific group 
constants are gauge invariant. However, all the graphs within e.g., class C would 
be zero, without this ‘main’ graph, in this case the triple gluon vertex. 
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Figure 23: Distribution of 4~s~ in 4-jet events with yd = 0.02 compared 
with QCD and the abelian theory. Data from LS. 

One observes, that the Abelian theory has a considerably larger fraction of 
4-quark final states and it turns out that the angles proposed by KImer et al.[69], 
Bengtsson and Zcrwas[‘lO], and Nachtman and Reiter[‘ll] arc rather sensitive to 
this fraction[72,73,74]. Therefore, from a comparison of these angles 6th the data 
several experiments have been able to exclude the Abelian theories[75,74,76,77,78]. 
Recent results from the L3- and OPAL Collaborations are shown’in Figs. 22 and 
23176,771. 

However, these angles cannot distinguish very well between the qqgg contribu- 
tions from double Bnmddirahhmg and triple gluon vetfez, so exd$ng the Abelian 
theories by the angles mentioned above is still no direct proof for the gluon self 
interaction. One could just replace the contributions from the triple gluon vertex 
with more double Bremsstrahlung to get the same angular distributions. For 
example, such a ‘toy model’ in Table 7 yields about the same kstributions for 
the angles mentioned above. However, it turns out that the gluqns from double 
bremsstrahlung contributions have a larger averaged opening angle than the glu- 
ons from triple gluon graphs[73], as shown in Fig. 24. If one fits simultaneously 
the opening angle o+ between the two least energetic jets in 4jet events and 
the generalized Nachtman-Rciter angle 8;,[79], one can distinguish between all 
4-jet contributions: efvR forbids a too large qgqq contribution, so qggg is needed, 
but Qij restricts the contribution from double bremsstrahlung (mainly class A) 
so part of it must come from the triple gluon vertex graphs (class C). 

The DELPHI Collaboration[‘lS] has made a preliminary study of the 2-dimen- 
sional distnbution in PNR and oij. As free parameters they have taken the ratio 
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projections. The histogram is the 
result of the a-dimensional At in 
which the QCD group constants 
determining the weights of the 
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\ 
have been left free. 

of Nc/c~ and TRICF, which are the group constants determining the weights in 
front of the various classes shown in Table 7. From theory one expects: 

CF = 413, NC = ~,TR = n1/2 for QCD 

CF = 1, Nc = O,TB = 15 for ABELIAN 

From a sample of 21000 iTo’s, they selected with the LUCLUS jetfinder[20] a 
sample of 884 4-jet events. From the fit they find: 

Nc/CF = 2.05 f 0.4[dfat.]+~::[dydt.] 

TR/CF = 0.1 f1.7 
In QCD the class of diagrams containing the triple gluon vertex graphs (class 
C) is proportional to NC/C,, so a non-zero value gives direct evidence for the 
triple gluon vertex without reference to a specific model. The observed value 
for this ratio is in good agreement with the value expected ‘n QCD (2.25), al- 
though the errors are still large: the first error is the statistic L error, the second 
one originates from the uncertainties from fragmentation models and the fitting 
procedure. 

Figure 24: Distribution of generalized Nachtmann-Fleiter angle tJhR and 
opening angles between the two least energetic jets (oij) for double -- Bremsstrahlung- (class A), triple gluon vertex- (class C), and qqqq 
graphs (class I)). Classes A and C can be distinguished from class 
D by &R, while class C can be separated from class A by oij- The 
contributions from classes B and E are small. 

10 Conclusion 
After one year of LEP running the harvest in the QCD area has been rewarding, 
not only because of the large number of events, but also because of the quality 
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l The angular correlations in 4-jet events provide a sensitive test of the spin 
and colour structure of QCD. The Abelian type theories are excluded, while 
first evidence for the triple gluon vertex starts to emerge. 

Figure 26: The a, values from various reactions. 11 Acknowledgment 

of the events: a sizable fraction (Z 20%) are 3-jet events with an average gluon 
energy of 20 GeV, while about 5% of the events are clean 4jet events, in which 
the least energetic jet still has typically a total energy of 20 GeV. These ‘healthy’ 
gluon jets combined with ‘state of the art’ Monte Carlo models provided QCD 
tests with unprecedented quality. 

Among the results: 

l All hadronic decays from the Z” are amazingly well described by par- 
ton shower models tuned at lower energies. Especially the intermittency 
studies tind excellent agreement between data and Monte Carlo, indicating 
that the origin of the strong intermittency observed in e+e- annihilation 
does not need new physics contrary to previous expectations. The charged 
multiplicities turn out to be both in agreement with KNO scaling and the 
predictions of the parton shower models. 

l The models based on the.exact second order QCD matrix element needed 
retuning at 91 GeV, mainly because the Q ’ evolution of the fragmenta- 
tion functions have not been included. After retuning the parameters these 
models could be brought into reasonable agreement with the parton shower 
model, at least in the regions where the hard gluons dominate. Especially, 
sll jet rates agree remarkably well, provided a similar definition of the cou- 
pling constant is used, i.e., the scale of a. in the ME models is chosen 
to be of the order of a few GeV, like in the PS model, where the scale is 
chosen to be of the order of the p1 of the gluon. The second order ME 

Monte Carlo model allows quantitative studies without the app ximations 
inherent in the parton shower model. 

1 
l The new determinations of the strong coupling constant are tin excellent 

agreement with the predictions from A& measurements at lower energies 
as shown in Fig. 26 (from Ref. [80]). It should be noted that this plot 
is no evidence for the running of o,, since the value from LEP might just 
as well have been plotted at the optimized scale of a few GeV, as used in 
the programs. The lines indicate the Q, dependence for constant values of 
I$&. Note that the range of As values lead to very small errors in o, at 
hrgh energies. Plotting the LEP data at lower scales increases not only the 
absolute errors, but the relative errors too! 

s  Evidence for the running of o, can be best obtained by the Q ’ dependence 
of a single observable and the new data on the 3-jet rate combined with the 
data at PEP and PETRA give enough lever arm in Qz  to provide direct 
evidence for the running of o,. 

Writing a review about so many new and interesting data cannot be done without 
the help of many experts. Here I want to thank all of those, who have been willing 
to share their experience and idear and make available preliminary data before 
publication. 

Especially, I want to thank Siggi Bethke, Thomas Hebbeker, Sacbio Ko- 
mamiya, Zoltan Kunszt, Peter Mittig, Paolo Nazon, and Torbjorn Sjiistrand 
for interesting discussions and last, but not least I wish to thank my  colleagues 
within DELPHI for many discussions, friendship, and such a joyful collaboration. 
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Introduction 

Electroweak interactions at LEP are a subject based on a wealth of data, 
given the success of the CERN e+e- storage ring. I will report on the results from the 
four experiments, ALEPH, DELPHI, L3 and OPAL after the analysis of about l/2 
of the data collected in 1989 and 1990(‘). 

The review will cover the electroweak aspects of the process e+e--+Z’+fi 
where the fermions can be either quarks or leptons. The analysis of experimental 
data is based on the determination of the cross section integrated on the solid angle 
and on the asymmetry of forward-backward leptons in the final state. 

In this game the knowledge of the center mass energy is fundamental as the 
determination of the luminosity by which the event rate is normalized to compute the 
absolute cross section. Therefore a specific attention is given to these subjects. 

Absolute energy of LEP 

The dominant systematic errors influencing the z’ mass and total width 
derive from the knowledge of beam energy and luminosity. Beam energy is given in 
fust instance from the field integral at the central orbit: 

(*) This review is updated with the resulu available at the time of Singapore Conference. 
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The length of the circumference, 21tR, is derived with high precision from 
the RF acceleration frequency and from the determination of the central orbit. The 
error estimated on the circumference is about 0.6 mm while the frequency is known 
with a considerable better accuracy. Therefore the energy scale is determined by the 
magnetic field measurement and the relative error is - 5 . lp. 

A second method uses protons trapped by the RF cavities in a different 
harmonic number h, and in the same orbit of positrons, at the injection energy of 20 
GeV. [l] 

The speed of protons is simply given by 

2xR fRP 
P=-q- where the revolution frequency is fRF f = ~;f; 

The momentum error is 

and results to be S 1 . l@ at 20 GeV. 
The main contribution to the final error comes from scaling the result from 

20 GeV/c to 45 GeV/c. This correction is given by the flux difference at the two 
energies measured in the dipoles of the ring. Once all effects are considered, the 
absolute energy scale is known within f 30 MeV. [2] 

The best accuracy on the absolute energy will be obtained by the spin 
resonance method. After the transverse polarization of the electrons is built up and 
measured, depolarization is induced at the resonant frequency of spin precession by 
a perturbing field. Polarization is measured by the asymmetry in backscattered laser 
beam. The error is estimated to be f 5 MeV, considering all possible systematic 
uncertainties and instabilities. [3] 

Once the absolute energy of one setting is determined, it remains to evaluate 
the point to point reproducibility since each filling can be at a different nominal 
energy. A conservative upper limit to this systematic uncertainty of the central value 
is 10 MeV. The effect on Mz is estimated to be f 5 MeV and on the total width l-2 is 
f 6 MeV, depending from the actual sharing of luminosities between each energy. 

The imrinsic beam energy spread also introduces a small smearing of the 
resonant z’ cross section. At the accelerator operating conditions the beam has an 
energy dispersion of o/Et, = 7.5 . lo-4 [4] the effect of which is a systematic 
widening of Fz by 5 MeV. 

Finally one should consider possible systematic differences in center mass 
energies between the four interaction regions. This uncertainty is estimated to be of 
the order of 1 MeV. 

In conclusion the absolute energy scale of LEP will be eventually determined 
with an error off 7 MeV, directly applied on the z’ mass. All other uncertainties 
will contribute with a smaller scale error and with a systematic error on the total 
width l-2 of 6 MeV after the correction of -5 MeV is applied. It means that the 
relative error on the z’ mass can be as small as 10-4, perhaps less, and on the total 
width of the order of 10-S. At this level of accuracy, the interpretation of the 
measured z’ parameters should be undertaken with extreme care. 

Luminosity measurements 

All four experiments normalize the event rate by measming the Bhabha cross 
section at small angles. The advantage of this method relies on the absolute 
prediction of the cross section in terms of QED graphs only, as the t channel at small 
angles is dominated by one photon exchange. 

ALEPH, DELPHI and OPAL measure the scattering cross section starting 
fromBm~-40-60mrad,whileL3measurts~m8,~=24mradupto70mrad. 
This geometrical acceptance gives to L3 a factor - 3 more counting rate than the 
hadtonic events at the z’ peak, while the other three experiments have a counting rate 
roughly equal to the z’ events. 
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Tabk 1 s umtnarizcs the main features of the monitors, with a list of the main 
systematic errors grouped under six headings. 

. Table 1 - Luminosity monitors 

t- 

Binin - BIIIZU (m rad) 
otinite W  

Systematics (96) 

Thcory(Bf=Qm 
Trigger& 

Event selection 

-ny 
Background 

MUCalibratiOtt 

ALEPH DELPHI L3 OPAL 
50- 110 43 - 135 27-70 58 - 120 

27 33 96 18 

0.7 
SttUlI 

0.22 
0.95 
Sd 

0.6 

1.0 0.7 
< 0.6 0.1 

1.4 0.7 
0.5 0.6 
0.5 small 

< 0.6 0.6 
2.0 1.3 

1.0 

0.5 
1.0 

Smal l  

0.4 
1.6 Total I 1.3 

All four experiments use the BABAMC Monte&o [5] to compute the 
accepted Bhabha cross section, and therefore they have a common systematic 
uncertainty deriving from the theoretical approximations used in this program. The 
effect of higher order contributions to the O(a) cross section is estimated in all 
experiment to be f 1.0 %  or less. No theoretical limitations exist to reduce further 
this error down to f 0.3 %  [6] or even less. 

The finite statistics of Montecarlo simulation introduce a not negligible 
uncertainty that again can be reduced. 

The next relevant error is due to the imperfect knowledge of the geometry of 
the luminosity monitor. Only with time we can verify if each experiment has reached 
the ultimate accuracy. 

Trigger efficiency and background subtraction generally represent the 
smallest contribution to the systematic error. 

To illustrate the above points, fig. 1 and 2 present detailed comparisons 
between MC and data showing the excellent agreement between them. Figure 3 
shows an example of background evaluation, by plotting the events versus the 
collinearity angle of the two electrons. The background is evaluated by the events 
outside the region limited by the cuts & f lo’. Figure 4 illustrates the contribution 
to the cross section deriving from multiple photon emission. Only few events have 
both electrons with energy less than $. Background starts to dominate below the 

line at 45’. 
To reduce the uncertainty due to the cut at &in, DELPHI adopts a precise 

lead collimator. However the systematic error deriving from the accurate knowledge 
of the geometry is of the same order as the other experiments. 

Figure 5 shows the sensitivity of the luminosity to the selection cuts for the 
L3 monitor. 

At the end even in the most conservative case the total systematic error is 
about 2 %, while it seems possible to reduce it further at the level of 5 1%. 

Z” parameters and the Standard Model 

The e+e- annihilation at LEP energies proceeds through a resonant process 
that can be analytically described at the lowest order in general terms by a relativistic 
Breit-Wigner cross section. Therefore the derivation of the resonance parameters as 
the mass and total width from experimental data should be performed without 
explicit intervention of any specific model. This problem was resolved by the work 
of Borrelli, Consoli. Maiani, Sisto. [7] Similar results can be found in [8]. 

The resonant cross section can be expressed as 

0 (s) f 
1211 Tee rff 

~2 r2 
(s-M2)2 + - M2 

2 r s+Rfs= + M If +,rt. 
M2 I& I 

(1) 
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Fig. 4: Scatter plot of e+e- energies measured 
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Fig. 3: Distribution of the azimuthal angle between e+ and e- for L3 monitor. 
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Fig. 5: Percentage change of luminosity from variation of cuts used in event 
selection for the L3 monitor. 
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where M = z’ mass, 
r = z’ total width, 

5 ‘On’. is the contribution from the one photon exchange diagram, 
and Rf and If are small terms. 

Rf is due to the interference of the resonance with the continuum due to 
photon exchange, and is affected by the presence of heavy states with mass larger 
than the z’ mass. 

If represents the absorptive contribution in the imaginary amplitude due to 
the known vector particle spectrum up to the z’ mass. Its value can be computed 
and is of the order of 10-2. Therefore the equation for the cross section of the 
process e+e- 4 fi‘ depends only from the parameters M, r, Tee Tff and Rf. Its 
precision is limited only by the nuncation of the series expansion in (s-M*)/M*. 

Finally the computation of the observed cross section is obtained by 
convoluting the expression (1) of the cross section with the initial center of mass 
energy spectrum after the photon radiation by the incoming electron or positron: 

1-X 

%bs(S) = j H(x) (T [s(l-x)l dx 

x = s/y, 
0 

where 60 is the minimum c.m. energy necessary to observe the final state, and 
H(x) is the initial state radiation spectrum. 

The partial width rfr in the Born approximation, assuming the exchange of 
one photon and of the z’, is simply given by: 

NC GF M; 
rff = 24 ~42 (&+A) 

where gA and gv are the coupling constants for the axial and vector currents. 
Their values are further specified in the Standard Model in terms of the 

neutral current parameter sin 0~ as 

gvf = 1 - 4 IQd sin* 0~ ; gAf=l 



I 

However the Born approximation is totally inadequate since higher order 
terms give a contribution larger than the present experimental accuracy. 

These higher order graphs can be grouped in “QED corrections” having an 

. additional real or virtual photon and in “Weak corrections.” The last class includes 
propagator and vertex modifications to the Born diagram and box terms. The 
presence of the virtual top exchange gives a dependence from its mass to the 
radiative corrections. A smaller effect is due to the Higgs mass. 

The consistency of all quantities computed by the Standard Model by using a 
unique value for the top mass is a very strong test of the renormalizibility of the 
theory. 

In most cases the effect of radiative corrections can be accounted by a 
simplified expression of the complete theoretical formulae. This approach is known 
as “improved Born approximation.” 191 The main features of this approach consist in 
replacing the couplings with effective quantities, and fixed constants with the 
running values at s  = $<. As an example the partial width rtt is 

NcGFP M; 

rff = 24 7tfi 
[l + (1 - 4 IQtl 321 (2) 

where NC= 1. (1 + ZQr) for leptons 

~3. (1 +zQr)[ l+aG) for quarks 

3GF mf 
and pzl+Sp=l+ 

8K2 42 

J* = sin28w = sin*& + cos*Bw 6p 

having defined sin%w = 1 - 2 [ 101. 
ML 

Asymmetry 

The next physical quantity to consider beside the total cross section is the 
forward-backward or charge asymmetry. This quantity condenses the information 
given by the angular distribution of the process. 

Recalling that the differential cross section derives its form by the exchange 
of a virtual z’, a photon and by their interference, its analytical expression in terms 
of the current couplings is: 

da a2 - 
dcose = z 

I + 2gZ, Re(x) + (g” + gi)’ 1x1*] (1 + cos*e) 

+ 2 2g,Re(x)+4g$gi 

with 
S 

X= 
S- Mi + i MZ l-z . 

Therefore summing events with the final fermion having cos f3 > 0 and 
events with cos 8 < 0, we can measure the asymmetry 

It is easy to see that while the total cross section is proportional to 
the asymmetry is proportional to the product g$ g’,. The two 

nts then can provide these constants up to a sign ambiguity. 

Experimental results and fits 

Inclusive hadronic cross section and individual leptonic cross sections are 
measured by all four experiments [ 1 I] as shown in figures 6-9. 
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Since an excellent agreement exists between all measurements, the 
understanding of systematic errors is crucial to assess the impact of the present 
experimental results on the validity of the Standard Model. This consideration is 
even more relevant if one wants to combine the four experiments when all 1990 . 
results will be available. 

Table 2 summarizes the number of events collected in the leptonic and 
hadronic channels with some relevant features, while table 3 gives a list of 
systematic errors. 

Table 2 - Main characteristics of events collected by LEP experiments 

cost&jn (e-) 
case,, (e-) 

PP 
lx 

ALBPH 
2.5 

56 K 
97.5 
2404 
-0.9 

0.7 

1973 
2169 

DELPHI L3 
3.3 2.9 

68 K 62 K 
92.7 97.8 

T 
1389 2642 

-0.64 -0.74 

0.64 0.74 

1618 1244 

1019 1169 

OPAL 
5 

112K 
97.7 
3270 
-0.7 

0.7 
4642 

3412 

c 
13.7 

300K 

9705 

9477 
7769 

Table 3 - Systematic errors for the various tinal states (9’0) and for the 
luminosity 

I eetheory 

I eetotiil 

eetheory 
eetotiil 

PP PP 
Tt Tt 

hadrons hadrons 
luminositv I luminositv 

ALBPH ALBPH 
0.5 0.5 

1.0 1.0 
0.9 0.9 
1.7 1.7 

0.4 0.4 
1.3 1.3 

DELPHI DELPHI 
1.0 1.0 
1.3 1.3 
1.9 1.9 
2.7 2.7 

1.1 1.1 
2.0 2.0 

L3 L3 OPAL OPAL 
0.7 0.7 0.5 0.5 

1.2 1.2 1.0 1.0 
1.3 

1.3 0.9 0.9 

3.0 3.0 1.9 1.9 

0.7 0.7 0.8 0.8 
1.3 1.3 1.6 1.6 

All experiments have collected and analyzed so many events in the hadronic 
channel that the statistical error on the peak value of the cross section is considerably 
smaller than the systematic uncertainty. The contribution of the two types of error on 
the z’ parameters will be best appreciated after fitting the cross section to the 
experimental points. 

Each collaboration fits the experimental data in a model independent way 
using only the hadronic cross sections or all three leptons and hadrons results in a 
global fit. The most straightforward comparison among the four experiment is given 
by the result of the fit to the hadronic cross section only, where the statistics is the 
highest and systematic errors are the smallest among the four possible channels. The 
free parameters usually are the z’ mass, the total width and the peak cross section 
0,“. An equivalent choice is Mz, Pz and the product of the partial widths ree Ph. We 
can derive the three leptonic partial widths by also using the individual leptonic cross 
sections, and imposing the universality, we obtain the leptonic partial width. 

ALEPH collaboration quotes results obtained by fitting the cross section 
with Burgers formula, DELPHI and OPAL use Bardin formula, while L3 uses Cahn 
or Borrelli. Differences in the results by using different formulas on the same data 
are smaller than the present individual experimental errors. 

The ee(y) channel requires a special treatment because of the presence of the 
t exchange diagram. L3 uses the improved calculation of Aversa, Greco et al. [ 121 
This new calculation has a better factorization scheme and contains two-loop QED 
corrections. Hard photon emission is always computed in the collinear 
approximation. The partial width Pee is extracted by fitting the experimental points 
with [12]. This procedure requires some kinematical cuts to reject events containing 
non collinear hard photons. L3 uses an acollinearity cut of A = 5’ between e+ and e-, 
and the emitted photon should be in a cone with an angle from the final & not larger 
than 6 = 5’. 

DELPHI and OPAL compute the t channel contribution with the program 
ALIBABA of Beenakker et al. [ 131 that includes all one loop and box terms with 
leading log summation for photonic corrections. Non collinear hard photon emission 
is also explicitly computed. 
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Since the ALIBABA program is too slow to fit the data, only the t-channel 
contribution and its interference with the s-channel is evaluated and then subtracted 
from the measuted cross section. The remaining cross section is then fitted as a pure 
s-channel contribution with Bardin formula. A similar technique was adopted by 
ALEPH collaboration, but since neither the improved Greco formula nor the 
ALIBABA progtam was available at the time of their publication, the t channel term 
was computed with the program of Caffo and Remiddi based on Greco previous 
work published in 1988. see reference 12. 

From the above description clearly the ee(y) final state should be studied 
further by comparing the results obtained by different kinematic cuts and theoretical 
approaches. Presently the statistical errors of each individual experiment are larger 
than the systematic ones. 

Only one collaboration, OPAL, includes the asymmetries of the three lepton 
channels in the global fit. The other three collaborations derive from the asymmetry 
the g: g$ combination and with the leptonic width L-11 a gA gv contour? obtained, 
In the framework of the Standard Model the parameters p and sin*Bw are also - 
explicitely computed. The value sin% in the minimal Standard Model is listed in 
table 4. Figures 1613 illustrate the asymmetry measurements and fig. 14-15 give the - 
contour plots gA versus gv while fig. 16 shows p versus sin%. 

Table 4 - sin%; in the minimal Standard-Model from the LEP 
experiments 

DELPHI L3 OPAL 
0.2291 0.2309 0.230 0.2315 

f 0.0040 f 0.0048 f 0.004 f 0.0028 

Several authors combine the results of the four experiments either by 
computing weighted averages of the physical quantities [ 141 or fitting directly the 
cross sections. [IS] The simple average of the final results does not consider that 
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Fig. 10: Forward backward asymmetry Am from ALEPH. 
a) e+e-, b) p+p- , c) I+C, d) the flavour of the final state is ignored 
therefore “leptons” include electrons, muons and taus. 
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each collaboratk uses different model independent formulae. Systematic errors and 
correlations must be treated ad hoc. It is evident that fitting directly the cross section 
points has the merit to use a consistent procedure for all experiments, provided the 
common systematic uncerknties am subtracted. 

M. Diemoz and E. Longo performed this fit either using only the hadronic 
cross section or the hadronic, muon and r cross sections. The electrons are not . 
included because of the theoretical uncertainties explained above. The details of the 
procedure are discussed in [ 16J. They also evaluate carefully the effect of systematic 
errors of various origins, especially from the beam energy definition. The paragraph 
“Absolute energy of LEP” quotes in fact some of their results. Table 5 shows the 
results of this fit compared with the values published by each experiment under 
similar conditions. 

Table 5 - Z’ parameters 

I Mz I I-Z 
G W  (GeV) I 

rh 
W V  I 

I-” 
(Mev) 

I h only 1 h only 1 I 
AIEPH 1 91.193 1 2.497 1 1754 84.3 

f 0.016 f 0.031 
DELPHI 91.190 2.446 

f 0.014 f 0.029 
w 91.161 2.492 

f 0.013 f 0.025 
OPAL 91.164 2.496 

f 0.011 f 0.021 
“4 exp.” 91.171 2.485, 

01W) f 0.006 f 0.012 
f 0.030 

SM 2.486 
mt = 8@2OOGeV f 0.028 

mH= 401OOGeV 
ar = 0.112 f 0.10 

f 27 f 1.3 
1756 83.7 
f 30 f 1.4 
1748 84.0 
f 35 It 1.2 
1778 83.6 
f26 f 1.0 
1756 83.8 
f 16 f 0.7 

1735 83.6 
f21 f 0.7 

* corrected by -5 MeV. 

Standard Model interpretation 

Among all possible quantities derived from the model independent fit, the 
peak cross section 4 and the ratio of the partial widths Rh = l-h/T1 I are two of the 
least sensitive parameters to the top mass mt and the Higgs mass mH. Therefore they 
constitute an excellent test of the Standard Model. As shown in [ 1 J] the theoretical 
predictions for these are 

4= 12 h 
h 4 (3 + 3 rv/rll + Rh)* 

=41.3fO.l5nb forMz=91,1JlGeV 

(3) 

when the unknown parameters are allowed to vary between the following limits 

mt=80-200GeV 
mH=40- 1OOOGeV 
as = 0.112 * 0.010 . 

(4) 

Actually all uncertainty on pa derives from the experimental error on %. In 
fact in the ratio of the partial widths the dependence from the top and Higgs masses 
cancels and the only surviving large correction derives from QCD, i.e., 

rh = If”’ (1 a375 k 0.0035) 

Therefore while flho”‘/Ie = 20.00 rt 0.03, the ratio between effective quantities gives 
the value (3). The values obtained by the “4 experiments” tit are 

o,” = (41.94 + 0.13 stat _+ 0.35 syst ) nb 
Rh=20.94+0.1JstatfO.l6syst 

(Mz =91.171 GeV) 

in excellent agreement with the predictions. 
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In the minimal Standard Model the mixing patameter sit&w is a function of 
measured physical quantities and of the radiative corrections. Therefore one can 
compute [9] sir&w either from the z’ mass or from the partial widths. For example 
fortpula (2) expresses one possible relation between Ttt, sir& and Ap. The 
explicit expression of the radiative corrections depends from the sin20w definition 
and is a function of the unknown masses of the top and of the Higgs. 

Defining 

M?d 
sit&w = 1 - + 

MZ 

the hadron collider results [ 181 give the value s in%W = .227 f O.OOJ, while from 
the inelastic neutrino scattering vq [ 191 one obtains 0.23 1 f 0.006. 

In fig. 17-19 sir&w [20] is plotted versus the top mass for the experimental 
values Mz, rz. f-h and f-1) as derived from the 4 experiment tit. 

All these quantities are consistent with a top mass mt = 150 f 20 GeV. 
Finally the number of light neutrino species can be obtained from the 

invisible width: 

Nv=ridrv=[rz - rh - 3 I-11 ]rv 

Assuming the widths from the minimal Standard Model, the hadronic cross 
section can be fitted with the only free parameters Mz and rinv. This procedure gives 
obviously the smallest error. To derive a value with the minimum assumptions from 
the Standard Model, the above formula is rewritten as 

where all quantities are measured except the ratio rl) /r, = 0.5010 + 0.0005 is taken 
from the Standard Model prediction. The error is given by theoretical uncertainties 
due to the unknown parameters listed in (4). 
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Fig. 17: sit&w versus mt for the experimental values of Mz and rz fitted from 
the 4 experiments. 
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Table 6 shows the values measured by each of the four experiments. The 
last column lists the free parameters actually used in the fit. The “4 experiments” tit 
uses Mz. Ih, I-1 1 and Finv as free parameters assuming from the Standard Model the 
valye r,, = 167.3 f 1.7 MeV. The error again is due to the unknown parameters. 
The number of light neutrinos is 

LEP measurements and other electroweak results are consistent with a high 
top mass of about 150 GeV. 

The next signilicative constraint to the Standard Model will be given by the 
W mass measurement at LEP 200, where it should be measured with an error of 100 
MeV. At this level of accuracy, radiative corrections will be sensitive not only to the 
top but also to the Higgs mass. 

NV = 2.88 f 0.06 

Acknowledgments 
Table 6 - Number NV of light neutrinos 

ALEPH 
N” Free parameters 

2.91 f 0.13 Mz, 4. Rh 

DELPHI 
L3 

OPAL 

2.82fO.11 f0.13 
3.01 f 0.11 
2.86 f 0.15 

Conclusions 

In the first year of operation LEP has produced already fundamental results 
reaching an unpredicted accuracy. The electroweak sector of the Standard Model is 
now established with a knowledge of the electroweak parameters at the percent level 
or better. If one combines the data from all experiments, the z’ parameters am: 

Mz=91.171 f0.006 (f0.030)GeV 
rz = 2.489 k 0.012 (- 0.004) GeV 
rl1 = 83.8 f 0.7 MeV 
rh =1756 f 16 MeV 
NV = 2.88 f 0.06 

where the errors are the combination of statistical and systematic uncertainties. 
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Abstract 

The UA2 experiment at the CERN pp collider has collected large samples of W 
and Z events during the 1988 and 1989 data taking periods at fi = 630 GeV. 
These data have been used to measure the uroduction cross sections and the +r=*~- ..- . ..-..” 

verse momentum distributions of W and Z- bosons and to compare them to QCD 
oredictions. In the framework of the Standard Model, the ratio between the W and _ -__- 
Z production cross section has been used to determine the total width of the W 
boson. A precise measurement of the ratio between the the W an Z masses has 
been extracted, leading to a new determination of the weak mixing % ngle sin%, . A 
combination of this result with recent measurements of the Z mass at e+C colliders 
results in a precise absolute measurement of the W mass. 
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1. Introduction 

The upgraded IJA2 experiment at the CERN pp collider has collected data cor- 
responding to an integrated luminosity of 7.4 pb-’ during the 1988 and 19S9 running 
periods at peak luminosities of up to 3 x lo)D cm-‘s-l. Large samples of IV- e Y and 
2 + C+C- events have been isolated from these data and have been used to measure 
the production and decay properties of the W  and Z bosons. 

In the present report the results of these measurements are presented and com- 
pared to the predictions of the Standard Model. After a brief description of the 
lJA2 detector (section 2), the W  and Z selection criteria are described (section 3). In 
section 4 the measured production cross sections times branching ratios are com- 
pared to QCD predictions, including partial corrections to second order in a,. A 
more sensitive test of QCD is performed by comparing the measured transverse 
momentum distributions of the produced vector bosons to second order QCD pre- 
dictions. In particular, the high P:-region is examined for deviations from the the- 
oretical predictions, which might indicate physics beyond the Standard Model. This 
analysis is presented in section 5. 

Although recently our knowledge of the mass and width of the Z boson has 
been substantially improved from measurements at ia - colliders, it is still necessary 
to rely on hadron colliders for measurements of the mass and width of the W  boson. 
The analysis of the UA2 data with the aim to obtain a precise measurement of the 
ratio of the W  and Z masses is presented in szction 6. This mass ratio has been 
combined with e+c- results for the Z mass leading to a precise absolute measurement 
of the W  mass. 

In addition, the data have been used to search for additional heavy vector 
bosons W ’ and Z’, which arise in extensions of the minimal Standard Model. Mass 
limits for the production of such heavy bosons have been deduced and are presented 
in section 7. 

2. The UA2 Detector 

The UA2 detector was substantially upgraded between 1985 and 1987 Cl]. A 
summary of parts relevant to the study of W  and Z bosons is contained in Ref. [2], 
and only the major points are repeated here. Additional details about specific detec- 
tor elements can be found in the references given below. 

A quadrant of the detector is shown in Figure 1. The pseudorapidity (n) cover- 
age of the central calorimeter [3] of - 1~4 < 1 has been extended with new end cap 
calorimeters to -3<q < 3 [4]. The same technique (lead and iron absorber plates 
with scintillator and wavelength shifter readout) is used throughout. An electromag- 
netic compartement with lead absorber plates of 17.0 -24.4 radiation lengths 
(depending on the polar angle) is followed by hadronic compartements with iron 
absorber plates. In the central calorimeter, the hadronic region is subdivided in 
depth into two compartements of two interaction lengths each. The lateral segmen- 
tation in the central calorimeter is constant in azimuth and polar angle 

VETO 
COUNTERS 

3m 2m lm I IO 

Figwe I: A schematic view of one quadrant of the UA2 detector. 
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(A4 = W,A6 = 10’ ). In the end caps, the two cells closest to the beam axis 
( 2.5~ hi -Z 3.0 and 2.2 < hl c  2.5 ) cover 30” in azimuth, and the other cells have a con- 
stant segmentation A& = IS’, Aq = 0.2. 

The calorimeter response has been extensively studied in test beams of muons, 
pions and electrons during the period of 1986 and 1989. Initially all calorimeter 
cells were placed in the test beam to provide an absolute calibration. This energy 
scale has then been tracked using periodic ‘CO source and pulser calibrations. Each 
year, a portion of the calorimeter has been recalibrated in the test beam to verify 
this procedure, leading to an estimated error of 1% on the energy scale for the elec- 
tromagnetic calorimetry. 

Energy clusters are reconstructed in the calorimeter by joining all cells with an 
energy greater than 400 MeV sharing a common edge. Those clusters with a small 
lateral size and a small energy leakage into the hadronic compartements are marked 
as electromagnetic clusters and are subsequently examined as potential electron can- 
didates. 

The lavout of the central detector is included in Figure 1. Around the beam 
pipe, at radji of 3.5 and 14.5 cm, are two arrays of silicon counters used for tracking 
and ionization measurements r5]. A cylindrical drift chamber (Jet Vertex Detector 
or JVD) r61 is located between-the two lavers of silicon. Its ournose is to confirm 
with ago&d resolution in I#I the presence of a track close to the-interaction point. 
Outside of these trackine detectors is a Transition Radiation Detector (TRD) [7], 
consisting of two sets of Radiators and proportional chambers. Its purpose is to pro- 
vide additional power to the electron identification. The outermost of the centr.rl 
detectors is the Scintillating Fibre Detector (SFD) [8], which consists of approxi- 
mately 60000 fibres arranged on cylinders into 8 stereo triplets. Charged tracks and 
the position of the event vertex along the beam axis are reconstructed using the SFD 
in conjunction with the silicon hodoscopes and the JVD. 

The last element before the calorimeters are the preshower detectors used to 
localize the earlv develooment of an electromagnetic shower initiated in a lead con- 
verter. In front bf the ce’ntral calorimeter, this Function is served by the SFD, where 
1.5 radiation length of lead are positioned before the last two stereo triplets of tibres. 
For the end cap region, the preshower detection is accomplished by the End Cap 
Proportional Tubes (ECPT) [93, which consist of a stereo triplet of proportional 
tubes behind a 2 radiation length lead converter. Two stereo triplets in front of the 
converter act as tracking chambers. In each case, an electron is identified by a large 
cluster of charge in the preshower region which lies close to the reconstructed track 
PI. 

3. Selection of W and Z Events 

3.1 W  Selection 

In the three level trigger system [lo] of the UA2 experiment events are selected 
which have an electromagnetic cluster (small lateral size, small hadronic leakage) 
with a transverse energy greater than 12.0 GeV in the calorimeter. These events are 
searched for electron candidates by applying the standard UA2 electron identifica- 
tion [2], for which the following conditions have to be fulfilled: 

. existence of a reconstructed track originating from the reconstructed event ver- 
tex and pointing to the electromagnetic calorimeter cluster; 

. existence of a preshower cluster which is consistent with the position of the 
electron candidate track; 

. the lateral and longitudinal profile of the energy shower in the calorimeter is 
required to be consistent with that expected from an electron incident along the 
observed track. 

The presence of the neutrino in W-C Y decays is deduced by measuring the elec- 
tron energy and the energies of all particles (generally hadrons) recoiling against the 
W. The missing transverse momentum (P;“) is attributed to the undetected neutri- 
no: 

where P; is the electron transverse momentum and ?,” is the total transverse 
momentum of the recoiling hadrons. In order to extract a clean sample of W+ CY 
events, the following kinematical cuts are applied in addition: 

. P; > 20.0 Gel’. P; > 20.0 GcV 

. M, > 40.0 GcV. 

M, is the transverse mass of the electron-neutrino system, defined as 
M, = 42 P;P; (I-cod+), where 64 is the azimuthal separation between the mea- 
sured electron and neutrino directions. 

These selection criteria result in a W sample of 1676 events with an electron in 
the central calorimeter, and 365 events with a forward electron. ,The samples are 
expected to contain a contribution of 3.8% and 3.3%, respectively, from the process 
IV-+ z Y followed by the decay z -+ c Y a. The background from misi+ntified jets from 
QCD jet production is estimated to be less than I %. 
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3.2 Z Selection 

At the trigger level events with two electromagnetic clusters with transverse 
energies above 5.0 GeV and an azimuthal separation of more than 60” are selected. 
At least one of the two electron candidates must satisfy the standard electron identi- 
fication, while the other one is allowed to satisfy looser cuts on the track preshower 
match (see Ref. [2] for details). This selection results in a total sample of 232 
events with an invariant mass of the electron pair above 40 CieV. There are’ 54 
events in the mass interval 40 - 70 GeV. which is in good agreement with the expect- 
ed 24 +- 2 Drell-Yan events plus 32 ‘f 5 QCD background events. In the mass 
reeion 76 <m-c 110 GeV, which is defined as the Z signal region, 169 events with 
an expected &D background of 2.4 & 0.3 events are found. one event is observed 
with m, = 278 GeV. The expected number of Drell- Yan pairs with masses greater 
than 160 GeV is 0.3 events. 

4. W  and Z Cross Sections 

4.1 Cross Section Measurement 

The cross section for W  production is determined from the equation 

where N, is the observed number of W  candidates, N. is the contribution from 
W+ z Y followed by the decay r-r c Y V, n is the acceptance of the geometrical and 
kinematic selections, E is the overall electron efficiency, and L is the integrated lumi- 
nosity. The acceptance r~ was calculated using a Monte Carlo program which gener- 
ated W  and Z boson production according to the transverse momentum and rapidi- 
ty distributions of Ref. [ 113. The Monte Carlo accounted for the effects of the event 
vertex distribution and for the precise geometry of the tracking, preshower and 
calorimeter detectors. The uncertainties on the acceptance were estimated by varying 
the structure functions and the transverse momentum distributions. The acceptance 
was found to be 53.0 k 1.7 %  for the central calorimeter region and 8.9 + 0.8 %  for 
the end cao region. The electron efficiency E differs among the different calorimeter 
regions. Ii ingludes contributions from ihe vertex finding, trigger and preshower 
matching efficiencies, as well as from the overall calorimeter efficiency. Detailed 
numbers for the various efficiencies in the different calorimeter regions can be found 
in Ref. 123. The combined electron efficiency, weighted by the acceptance of the dif- 
ferent calorimeter regions, is found to be 64.8 f 1.1 %. By using these numbers one 
obtains for the W  cross section: 

u; = 660 f 15 (star) f 37 (sysr) pb. 

To extract the production cross section of the Z boson, the following equation is 
used: 

where N, is the number of Z candidates, N,, is the number of bat t round events 
from QCD jet production,1 is the relative contribution from single pdoton exchange 
and yZ interference terms. This contribution has been estimated to bd 1.65 %  in the 
mass region 76 < m- < 110 GeV. The acceptance r) was estimated by the same 
Monte Carlo simulation as in the case of the W  and was found to be 49.6 + 1.0 %. 
The combined electron efficiency E, weighted over the various calorimeter regions, is 
found to be 63.3 f 1.5 %. From these numbers and the observed event rates one 
obtains for the Z cross section: 

u; = 70.4 f 5.5 (sror) f 4.0 (sysr) pb. 

The measured cross section values can be compared with the Standard Model 
predictions. In order to perform these comparisons, the following ingredients have 
been used: 

. calculations of the branching ratios for the decays W+ c Y and Z- cc by taking 
into account all decay modes expected in the Standard Model. For quarks in 
the final states QCD corrections have been applied, including the -effect of 
non -zero masses for the t and b quarks. 

. the total W  and Z cross section calculated at three different perturbative 
orders: (i) Born level, (ii) including the O(u,) QCD corrections [I I] and (iii) 
including a partial calculation of the O(aD corrections [ 123. 

The theoretical predictions depend on a number of basic parameters. The val- 
ue of 01, was computed using I&, as given from the structure function parametriza- 
tion used and a scale Q= M, . For the gauge boson masses the average values from 
SLC [13] and LEP [14] and the UA2 value of hf,/hfz were used (see section 6). A 
serious uncertainty arises from the parton distribution functions. The standard set 
used was DFLM [ 151 with A, = 0.160 GeV which has been evaluated using 
next-to -leading order QCD calculations and the DIS regularisation scheme. Two 
alternative sets, MRSE’ and MRSB’ [ 161 obtained from next-to -leading order 
QCD calculations performed in the jils scheme were also used. 

The comparison of the measured cross sections to the Standard Model predic- 
tion as a function of the top mass is shown in Figure 2. The dependence of the pre- 
dictions on m- arises from the change in the total width of the W  (Z) as the W+ r$ 
(Z- li) decay channels become kinematically suppressed. The O(aJ correction to 
the total cross section amounts to an increase of 30% and the partial calculations of 
O(an corrections indicate an additional increase in the cross section by 10%. 

The experimental measurements agree well with the QCD predictions including 
the second order corrections for the assumption of a heavy top qpark. However, due 
to the large theoretical and experimental uncertainties no quantitative conclusion on 
the mass of the top quark can-be made. Figure 2 illustrates that the major theoret- 
ical uncertainty is coming from the parton distribution functions and is found to be 
comparable with the experimental uncertainty. 
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Figure 2. Comparison of the measured cmss sections o; and 0; with Standard Model predictions 
as P function of m,. The shaded band hprcsents the 1~ confidence interval. combining 
statistical and systematic errors in quadrature. The three solid curves indicate the result 
of the cross section calcuktions. using the DFLM parton distribution functions. The 
upper dashed - uses the MRSB’ panmetitions. while the lower d&cd curve 
uses the MRSE’ parametrizations. 

I 
4.2 Measurement of the W Width 

Many systematic uncertainties, both experimental and theoretica , which con- 1 
tribute to the individual cross sections o; and o; are common and cancel in the cross 
section ratio R = o;/o;. Via the formula 

this ratio is related to the total cross section for W (Z) production Q,, (a,) and the 
total and partial widths for the boson decays. 

In the past, this information has been used to place limits on the number of 
light neutrino generations [ 173. Recent measurements by experiments at e’e- collid- 
ers [13,14] have now fued the total Z width with relatively high precision, allowing 
R to be used to make a precise, albeit indirect, measurement of the total width of 
the W. This width is sensitive to the mass of the top quark mnt if m, + m, < M, 
where m, is the mass of the b quark. From the equation above one obtains: 

where the first two factors on the right hand side do not depend on the value 
assumed for the top quark mass. The uncertainties on the first two factors have 
been investigated by varying the parton distribution functions and chanting the val- 
ue of sin’ 0, from the value determined by UA2 (section 7) to the world average val- 
ue determined from low energy neutrino experiments [IS] while keeping M* fmed. 
For the width of the Z boson the weighted average of SLC [13] and LEP [14] is 
used, r, = 2.546 f 0.032 GeV. From the measured cross section values the value R 
is found to be 

0’ 
R = ” = 9.38 

a; 
r;::; (slur.) f 0.25 (.rvSf.) 

which leads to the 

where the errors reflect the experimental errors only. The theoretical uncertainties 
correspond to an uncertainty of less than 50 MeV on Tr. . In the Standard Model 
the width of the W is expected to decrease from 2.8 GeV to 2.f GeV as Q, is 
increased from zero to hi, . The measured value is in agreement with the Standard 
Model expectation in the case of a heavy top quark, and is inconsistent with a light 
top quark. At the 90 % confidence level TV is found to be less than 2.56 GeV. 
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5. Trausverse~Momentum Distributions of W  and Z 

A study of the transverse momentum distributions of the W  and Z bosons is of 
interest for several reasons. Firstly, the P, dependence of the cross section provides a 
more sensitive test of QCD than the total cross section. In addition, one can look for 
deviations from the theoretical predictions which might indicate physics beyond the 
Standard Model. This is especially true for large P, values, where the events are 
characterized by jets plus leptons and/or missing transverse energy. These are typical 
signatures in the searches for new physics processes such as heavy quark production 
or supersymmetry. Finally, good understanding of the P: measurement is essential 
for a precise measurement of the W  mass. 

At low P, values where multiple soft gluon emission is expected to dominate the 
initial state radiation, the production cross section is calculated using soft gluon 
mummation techniques [ 1 I]. In the high P, regime (P,=- 20 GeV), the cross section 
is expected to be well described by QCD perturbation theory, and complete 00 
calculations are now available for this case [ 191. 

5.1 Transverse Momentum of the Z - Boson 

The transverse momentum of the Z boson F$ is evaluated from the measured 
total transverse momentum of the two decay electrons. The P: spectrum is shown in 
Figure 3(a). The measurement errors on e are dominated by the energy resolution 
of the calorimeter, and are estimated to be about 2 GeV. A more precise measure 
ment can be made for the TV component of P, where the ?I direction is defined as the 
inner bisector of the angle between the transverse directions of the two electrons. 
This component is relatively insensitive to fluctuations in the electron energy mea- 
surement, relying mainly on the angles of the electrons which are well measured. A 
resolution of about 0.3 GeV is estimated. The distribution of < is shown in Figure 
W. 

In Figure 3, the predictions of Ref. [II] are superimposed on the data. The 
curves have been modified to account for detector acceptance and resolution, and 
the predictions are normalized to the observed number of events. The principal theo- 
retical uncertainties are due to the lack of precise knowledge of certain input param- 
eters, namely A,, the parton distribution functions, and the scale of the running 
coupling constant. A plausible range of variations is represented by changing the 
structure function parametrizations and accordingly the value of Aoco. Curves are 
shown for Am = 0.160, 0.260, 0.360 GeV (four - flavour values) where the appro- 
priate DFLM structure functions are used in each case. Within the experimental 
and theoretical uncertainties there is good agreement between the data and the 
QCD prediction. 
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Figure 3. (a) The observed p: qatrurn (points) canpared with the QCD predictions of [ 111 for 
thm diiieent values of AK,. (b) The ramc comparison for the 1 component (see text) 
of p’, 
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s.2 Transverse Momentum of the W - Boson 

The measurement of the transverse momentum of the W boson is more com- 
plex, since for its measurement the transverse momentum of the ncutrino has to be 
used. As discussed in section 3 this requires the measurement of the transverse 
momentum of the system of hadrons recoiling against the W: 

Before comparing theoretical predictions with the data, detector effects have to 
be taken into account. Therefore one has to understand the resolution of the P,” 
measurement as well as any effects that might bias the P,’ measurement by consid- 
ering the system of recoiling hadrons. Such a bias can result from acceptance losses 
(hadrons escaping detection at small polar angles), calorimeter non - linearities and 
readout thresholds and also from the fact that for slow particles the energy mea- 
sured by the calorimeter may be smaller than their momenta. Such effects can be 
investigated by studying the momentum balance between the electrons and the 
recoiling hadrons in Z- de- events. The momentum balance along the q direction 
(<(ia) - e (/rod)) is shown in Figure 4. The superimposed curve corresponds to the 
prediction of the detector response model. Since this model correctly reproduces the 
resolution and the small systematic shift, it can be used to correct the theoretical Py 
distributions for detector effects. 

Figure 5 shows the low momentum range of the P,!” distribution compared to 
the calculations of [ 111 (curves). The consequences of uncertainties in the detector 
response are displayed in Figure 5(a). Figure S(b) shows the same data compared to 
theory for different structure function parametrizations using different values for 
Awa. The agreement is quite good, but the uncertainty in the detector response pre- 
cludes any quantitative conclusions. 

For the high P,!” tail of the distribution, the uncertainties in detector response 
are less important. In addition, in this region perturbative calculations are expected 
to be reliable and the data can be compared with the O(a2 calculation of [ 191. This 
comparison is shown in Figure 6, where the fraction of events is shown for P,!!>20 
GeV. The theoretical prediction, obtained by using the DFLM structure function 
parametrization with he, = 0.160 GeV is superimposed on the data. As for the low 
P: region, there is good agreement between the data and the QCD prediction. In 
particular, there is no evidence for an excess of events at high Py. In the data a frac- 
tion of 3.8 k 0.6 (stat) r:J (syst) % of events is found with Pp values above 25 GeV. 
The second order OCD calculation gives an estimate of 2.8 -f 0.3 % for this fraction 
for the DFLM structure functions,where the error reflects-the uncertainties due to 
the different DFLM sets. For the MRSB’ parametrization, the second order QCD 
prediction yields a fraction of 3.3 %. 
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Figure 4. The momentum banana observed in Z- ie- events along the PJ axis. The observed 
imbalana (points) is compared to tbc predictions of the detector response model 
(-4. 
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6. MeamementoftbeWandZMasses fitting problem. 

The results of the fits for the Z mass are summarized in Table 1. i, he quoted 
errors are the statistical errors from the fit. In a first tit, the width of the Z is fmed 
to 2.5 GeV, as expected in the Standard Model when Z-ri decays are kinematically 
forbidden. This fit is shown for the central sample in Figure 7(a), and for the 
f,-constrained sample in Figure 7(b). In a second fit, the width is left free provid- 
ing a test of the assumptions in the first tit. 

TabIe I: A summary of the M S  to diEermt 72 samples. 

Since the Z mass has been measured with high precision at ii colliders the 
ultimate goal is to measure the ratio MJMz with the smallest possible error at the 
hadron colliders and thereby to obtain a precise absolute measurement of the W  
mass. In order to guarantee a high quality of the energy reconstruction required for, 
this purpose, additional fiducial cuts are applied to the data sample: 

. W  and Z candidates in which one or both of the electrons hit an edge cell 
(0.8+(rl.O) of the central calorimeter have been removed. These cells have sig- 
nificantly poorer energy resolution due to the modifications made to install the 
new central tracking detectors.[ l] 

. W  and Z candidates in which one or both of the electrons hit a calorimeter 
cell close to a cell boundary have been removed. This cut eliminates I5 %  of 
the total surface area of the central calorimeter. 

. W  candidates with f: larger than 20 GeV have been removed. 

Since the energy reconstruction systematics in the endcap and in the central 
calorimeter are different, the systematic errors on the electron energy measurement 
for electrons in different calorimeter regions are not identical. Furthermore the rela- 
tive populations of W  and Z events in the different calorimeter regions are different 
and the systematic errors will not cancel in taking the mass ratio. Therefore only 
those events in which the electron energy is measured in the fiducial volume of the 
central calorimeter are used for the mass analysis. These restrictions lead to samples 
of 1203 W  events and 54 Z events with electrons in the central fiducial volume. 

Because of the relatively small remaining Z sample we have defined an addi- 
tional sample of Z events in which only one electron was required to be in the cen- 
tral fiducial region, whereas the other one was outside. These events have the energy 
of their second leg constrained by the requirement that the total momentum (elec- 
trons plus hadrons) is balanced in the transverse plane along a direction perpendicu- 
lar to the bisector of the two electrons. The result is an independent sample of 94 Z 
events, which will be referred to as f,-constrained sample in the following. The 
mass resolution for these events is worse, however their mass scale is derived from 
the energy calibration of the central fiducial region. 

The masses of the W  and Z bosons have been determined using a maximum 
likelihood fitting procedure. For the Z+ic decay, the extraction of the Z mass 
from the observed distribution of m_ was relatively simple. It was possible to use an 
analytic likelihood function which is a good approximation to the expected line 
shape, followed by small corrections for the effects which were neglected in the sim- 
plified function. 

For the W-+CV decay, the lack of knowledge about the longitudinal momentum 
of the neutrino forces the use of transverse variables in the fitting procedure. Likeli- 
hood functions are obtained numerically for the transverse momenta P; and f;, and 
the transverse mass hf, , using a detailed simulation of W  production and decay, fol- 
lowed by a carefully tuned model of the detector response to the W  decay products, 
implemented in the form of a Monte Carlo simulation which was optimized for the 

Sn111ylr PIwwlrt.er 1 1 Parameter Fit 2 Parameter Fit 
Cknt.ral 1 mz (GeV) 1 91.69 f 0.43 91.70 f 0.45 

(analytic mcth.) ri ( CeV) 2.5 2.96’: :: 
c:onf. Level 96% 99% 

&(ronstraincd) “1~ (GeV) 91.51 l 0.57 91.53 f 0.59 
(analvtic mcth.) I’z (GeV) 2.5 2.94:’ ‘I3 nar _ 

C!onf. Lekl 96% 97% 

cht ral mz (GeV) 91.71 f 0.48 91.72 l 0.50 
(numeric meth.) I’z (GeV) 2.5 3.06:: :: 

Cod Level 95% 84% J 

The mass of the W  has been determined by using two different fits to the three 
kinematical variables. In the first the width of the W  is fixed to 2.1 GeV, as expect- 
ed in the Standard Model when W-1 5 decays are kinematically forbidden. This fit is 
shown for the three kinematical variables in Figure 8. For the second tit, the width 
has been left free. The results of these fits are summarized in Table 2. 

Tabh2: A  summary of the fits lo different W  distributions. 1 

Sample Parameter 1 Parameter Fit 2 Parameter Fit 
ntw (GeV) 80.75 f 0.31 80.78 f 0.31 

Transverse Mass I-w (GeV) 2.1 1.892;:; 
c:our. Level 84% 89% 
mw (GeV) 80.79 f 0.38 80.83 f 0.39 

Pr(clcrtron) rw (GeV) 2.1 1.60”“’ 0 %s* 
Conf. Level 95% 9i%, 
mw (GeV) 80.32 f 0.41 80.33 f 0.42 

I+( neutrino) rw (GeV) 2.1 2.03+5? -0 .I 
Conf. Level 83% 88% 
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The most difficult aspect of the mass measurement involves the estimation of 
the systematic errors. For the Z, the following corrections and systematics were 
considered : 

. variations in the underlying event contribution to the electron energy scale; 

. the effect of radiative decays (i.e., unresolved y from 2+&e- y) ; 

. variations in the parameters of the model for measuring frw and their effect 
on the fr-constrained tit. 

These effects lead to an overall correction of - 140 MeV, an overall systematic error 
of 120 MeV, and an additional systematic error of 100 MeV for the f,--constrained 
tit. This additional systematic error for the f,-constrained fit was added in 
quadrature to the corresponding statistical error. The final Z mass is computed by 
taking a weighted average of the two one-parameter analytic fits in Table 1. The 
result is : 

M, = 91.49 f 0.35 (nor) f 0.12 (sysr) 5~ 0.92 (scale) Get’, 

where a scale error of 1.0% has beI included, reflecting the systematir uncert nty 
in the energy calibration of the cent. calorimeter fiducial volume. 

For the W  case, the analysis is more complex. The following list 01 zffects has 
been considered: 

variations of the f: distribution and variations in the model parameters for 
the measurement of f ,M; 

variations in the structure functions used in the Monte Carlo likelihood func- 
tion; 

possible scale errors in the measurement off;; 

uncertainties in the electron resolution; 

variations in the underlying event contribution to the electron energy scale; 

variations in the Monte Carlo Iikelihood function attributed to the finite 
Monte Carlo statistics used; 

the effect of radiative decays (i.e.,unresolved y from W+ycv). 

These effects lead to an overall correction of +40 MeV, +60 MeV and + 160 MeV, 
and an overall systematic error of 210 MeV, 300 MeV and 470 MeV for the M, , PA 
and f: tits, respectively. The tit to the transverse mass gives the smallest errors, and 
is therefore quoted as the final value. The other two fits provide a significant cross - 
check of the method. The statistical errors for the fits are strongly correlated, but 
the results are quite consistent within the systematic erros alone. The final value for 
the W  mass is then given by : 

M,,, = 80.79 f 0.31 (star) f 0.21 (sysf) f 0.81 (scde) GeV. 

where the 1% scale error has been included. 

The two measurements of the boson masses can be combined to derive a value 
for M,,,/M,. The energy scale contribution to the error on the ratio almost perfectly 
cancels. Thus the mass ratio is : 

MJMz = 0.8831 f 0.0048 (srot)f O.O026(sysf). 

This result can be combined with recent results from SLC [ 131 and LEP [ 141 
for the Z mass (a weighted average of Mz = 91.150* 0.032 GeV, including the current 
30 MeV uncertainty in the LEP energy scale, was used) to give a resealed W  mass: 

M, = 80.49 f 0.43 (m) f 0.24 (gur) Gel’, 

which can be compared with the value expected from the Standard Model. 

In the Standard Model of the electroweak interactions, with a minimal Higgs 
sector, there are three fundamental free parameters (ignoring the Higgs and fermion 
masses). A convenient choice for these parameters, which reflects the precision of 
current measurements, is : 

@, G,, Mz  . 

A renormalization scheme must be chosen for the computation of higher order cor- 
rections. In this analysis, the scheme of Sirlin [20] is used: 

leading to standard relations among the fundamental parameters: 

M:, = A’ and h4; = A’ 
( 1 - Ar)si&, ( 1 - Ar ) sin%,+, COS%‘~ 

where 

A= J = = 37.2805 f 0.0003 Ccl’. 
fi G, 

can be computed from current measurements of LI and G, [21]. The variable Ar 
represents the radiative corrections arising from virtual loops in the boson propaga- 
tors, and depends on the unknown masses m, and m”,,,,. These corrections have 
been calculated within the context of the Minimal Standard Model, containing a sin- 
gle complex Higgs doublet. 
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Using the relations defined above, it is possible; given values for the Z mass and 
Ar, to predict a value for the W  mass. This can be seen in Figure 9 where the 
dependence of Ar on m, and m,,,,,, is indicated by a series of lines in the ( M,,, , M, ) 
plane. The UA2 result, in combination with that of SLC and LEP, has been 
marked by a data point whose errors reflect the combined statistical and systematic 
errors on the measurements. This data point lies within the region of the plane 
allowed by the Minimal Standard Model, and is consistent with a top quark which 
is heavier than the W. 

Finally, the definition for the weak mixing angle given above can be used to 
convert the measurement of M&&f, to a measurement of sin%,,, : 

side, = 0.2202 f 0.9084 (Irot)* 0.0045 (Qw) 

which is consistent with the world average value [ 181 derived from neutral current 
experiments: 

sin%, = 0.2309 f 0.0029 (~a/) f O.O049(sysr). 02/ r ntop (GeV) 
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Figwe 9. The comparison with the Minimal Standard Model pmdictions. The solid lines indicate 
the allowed values for M, and MI for a given WI-, with m,,-, A  100 GcV. The dotted 
(dashed) line indicate tie prediction for m, = 80 GeV with m,,-, = 10 (1000) GCV. 
The data point is dc6ned in tile ten. 

-484- 



. :. 

7. Search for Additional Vector Bosom 

Additional vector bosons arise naturally in the framework of many possible 
extensions of the minimal SU(2) x U(I) Standard Model of electroweak interactions, 
whether it be through right-handed currents [22], composite models [23], or vari- 
ous models derived from superstring theories [24]. 

in the following, general limits on additional charged or neutral vector bosons 
are extracted, as a function of their mass, M, ( Mz ), their coupling to quarks L,, and 
their branching ratio to electrons, B,, where L, and B, are normalized to the Standard 
Model values. Using these variables, the cross section u for the production of an 
additional vector boson and its subsequent decay is 

where ur, is the cross section for standard couplings. It is assumed, that 

(V= W,Z) 

where TV and TV are the total width of the additional and standard vector bosons, 
respectively. 

In order to extract limits for W’ and 2’ production, their production and decay 
has been simulated using the DFLM structure function parametrization. A likeli- 
hood fit to the data sample using the transverse mass spectrum for the case of the 
W’ and the invariant mass spectrum of the two electrons for the case of the Z’ has 
been performed. 

The results are shown in Figure IO(a) and (b) for the W’ and Z’ respectively as 
95% confidence level contours in the ( M, , A: B, ) plane. In the region of degenerate 
masses the observed rates for Wd CY and Z+ e+C compared to the second order 
QCD prediction have been used to extract the confidence limits. In the high mass 
region, a W’ with M, < 247 GeV and a Z’ with MI < 216 GeV can be excluded 
with 95% confidence, assuming Standard Model couplings. 

UA2 

pp-2’ l x 

Excluded 95 % CL. 

I 
80 120 160 200 2LO 

f-$. IGeV/c’) 

UA2 

Excluded 95 % CL 

LO 80 120 160 200 2LO 
E1” IGev/r’l I 

(a) limits on an additional charged vector boson W ’. shown a 95% confidence level 
cxmtouninthc(M,, ( A’E, ) plane, where A,, the w’ coupling to quarks, and E,, the 
W ’ branching ratio to electron-ncutrino. are normalizul to the Standard Model val- 
ues. 
(b) Same as (a) for an additional vector boson Z’ decaying into electron pairs. 
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8. Cooclusions 

The large W  and Z data samples collected by the UA2 experiment have been 
used to extract improved measurements of the production and decay properties of 
W  and Z bosons. 

The production cross sections times branching ratio to electrons as well as the’ 
transverse momentum distributions are found to be in good agreement with QCD 
predictions. In particular the high P: tail agrees with recent O(U~ calculations, and 
shows no significant excess indicative of new physics processes. 

From a precise measurement of the mass ratio M,,,/ hf, a new value for the 
weak mixing angle sir?@,,, = 0.220 + 0.008 (stat) &- 0.005 (syst), has been reported. 
From a combination of the measured mass ratio with recent measurements of the Z 
mass at SLC and LEP a precise absolute measurement of the W  mass was obtained: 
M, = 80.49 + 0.43 (stat) + 0.24 (syst) GeV. The results of all measurements are in 
good agreement with the Minimal Standard Model and give support to the hypothe- 
sis that the top quark is heavier than the W. 

The data have been used as well to set limits on the masses of possible addi- 
tional charged (W’) or neutral (Z’) vector bosons. Assuming Standard Model cou- 
plings, a W ’ with M, < 247 GeV and a Z’ with M, < 216 GeV are excluded with a 
95% confidence level. 
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Abstract 

The UA2 experiment at the CERN pp collider has collected large samples of W 
and Z events during the 1988 and 1989 data taking periods at fi = 630 GeV. 
These data have been used to measure the uroduction cross sections and the +r=*~- ..- . ..-..” 

verse momentum distributions of W and Z- bosons and to compare them to QCD 
oredictions. In the framework of the Standard Model, the ratio between the W and _ -__- 
Z production cross section has been used to determine the total width of the W 
boson. A precise measurement of the ratio between the the W an Z masses has 
been extracted, leading to a new determination of the weak mixing % ngle sin%, . A 
combination of this result with recent measurements of the Z mass at e+C colliders 
results in a precise absolute measurement of the W mass. 
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1. Introduction 

The upgraded IJA2 experiment at the CERN pp collider has collected data cor- 
responding to an integrated luminosity of 7.4 pb-’ during the 1988 and 19S9 running 
periods at peak luminosities of up to 3 x lo)D cm-‘s-l. Large samples of IV- e Y and 
2 + C+C- events have been isolated from these data and have been used to measure 
the production and decay properties of the W  and Z bosons. 

In the present report the results of these measurements are presented and com- 
pared to the predictions of the Standard Model. After a brief description of the 
lJA2 detector (section 2), the W  and Z selection criteria are described (section 3). In 
section 4 the measured production cross sections times branching ratios are com- 
pared to QCD predictions, including partial corrections to second order in a,. A 
more sensitive test of QCD is performed by comparing the measured transverse 
momentum distributions of the produced vector bosons to second order QCD pre- 
dictions. In particular, the high P:-region is examined for deviations from the the- 
oretical predictions, which might indicate physics beyond the Standard Model. This 
analysis is presented in section 5. 

Although recently our knowledge of the mass and width of the Z boson has 
been substantially improved from measurements at ia - colliders, it is still necessary 
to rely on hadron colliders for measurements of the mass and width of the W  boson. 
The analysis of the UA2 data with the aim to obtain a precise measurement of the 
ratio of the W  and Z masses is presented in szction 6. This mass ratio has been 
combined with e+c- results for the Z mass leading to a precise absolute measurement 
of the W  mass. 

In addition, the data have been used to search for additional heavy vector 
bosons W ’ and Z’, which arise in extensions of the minimal Standard Model. Mass 
limits for the production of such heavy bosons have been deduced and are presented 
in section 7. 

2. The UA2 Detector 

The UA2 detector was substantially upgraded between 1985 and 1987 Cl]. A 
summary of parts relevant to the study of W  and Z bosons is contained in Ref. [2], 
and only the major points are repeated here. Additional details about specific detec- 
tor elements can be found in the references given below. 

A quadrant of the detector is shown in Figure 1. The pseudorapidity (n) cover- 
age of the central calorimeter [3] of - 1~4 < 1 has been extended with new end cap 
calorimeters to -3<q < 3 [4]. The same technique (lead and iron absorber plates 
with scintillator and wavelength shifter readout) is used throughout. An electromag- 
netic compartement with lead absorber plates of 17.0 -24.4 radiation lengths 
(depending on the polar angle) is followed by hadronic compartements with iron 
absorber plates. In the central calorimeter, the hadronic region is subdivided in 
depth into two compartements of two interaction lengths each. The lateral segmen- 
tation in the central calorimeter is constant in azimuth and polar angle 

VETO 
COUNTERS 

3m 2m lm I IO 

Figwe I: A schematic view of one quadrant of the UA2 detector. 
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(A4 = W,A6 = 10’ ). In the end caps, the two cells closest to the beam axis 
( 2.5~ hi -Z 3.0 and 2.2 < hl c  2.5 ) cover 30” in azimuth, and the other cells have a con- 
stant segmentation A& = IS’, Aq = 0.2. 

The calorimeter response has been extensively studied in test beams of muons, 
pions and electrons during the period of 1986 and 1989. Initially all calorimeter 
cells were placed in the test beam to provide an absolute calibration. This energy 
scale has then been tracked using periodic ‘CO source and pulser calibrations. Each 
year, a portion of the calorimeter has been recalibrated in the test beam to verify 
this procedure, leading to an estimated error of 1% on the energy scale for the elec- 
tromagnetic calorimetry. 

Energy clusters are reconstructed in the calorimeter by joining all cells with an 
energy greater than 400 MeV sharing a common edge. Those clusters with a small 
lateral size and a small energy leakage into the hadronic compartements are marked 
as electromagnetic clusters and are subsequently examined as potential electron can- 
didates. 

The lavout of the central detector is included in Figure 1. Around the beam 
pipe, at radji of 3.5 and 14.5 cm, are two arrays of silicon counters used for tracking 
and ionization measurements r5]. A cylindrical drift chamber (Jet Vertex Detector 
or JVD) r61 is located between-the two lavers of silicon. Its ournose is to confirm 
with ago&d resolution in I#I the presence of a track close to the-interaction point. 
Outside of these trackine detectors is a Transition Radiation Detector (TRD) [7], 
consisting of two sets of Radiators and proportional chambers. Its purpose is to pro- 
vide additional power to the electron identification. The outermost of the centr.rl 
detectors is the Scintillating Fibre Detector (SFD) [8], which consists of approxi- 
mately 60000 fibres arranged on cylinders into 8 stereo triplets. Charged tracks and 
the position of the event vertex along the beam axis are reconstructed using the SFD 
in conjunction with the silicon hodoscopes and the JVD. 

The last element before the calorimeters are the preshower detectors used to 
localize the earlv develooment of an electromagnetic shower initiated in a lead con- 
verter. In front bf the ce’ntral calorimeter, this Function is served by the SFD, where 
1.5 radiation length of lead are positioned before the last two stereo triplets of tibres. 
For the end cap region, the preshower detection is accomplished by the End Cap 
Proportional Tubes (ECPT) [93, which consist of a stereo triplet of proportional 
tubes behind a 2 radiation length lead converter. Two stereo triplets in front of the 
converter act as tracking chambers. In each case, an electron is identified by a large 
cluster of charge in the preshower region which lies close to the reconstructed track 
PI. 

3. Selection of W and Z Events 

3.1 W  Selection 

In the three level trigger system [lo] of the UA2 experiment events are selected 
which have an electromagnetic cluster (small lateral size, small hadronic leakage) 
with a transverse energy greater than 12.0 GeV in the calorimeter. These events are 
searched for electron candidates by applying the standard UA2 electron identifica- 
tion [2], for which the following conditions have to be fulfilled: 

. existence of a reconstructed track originating from the reconstructed event ver- 
tex and pointing to the electromagnetic calorimeter cluster; 

. existence of a preshower cluster which is consistent with the position of the 
electron candidate track; 

. the lateral and longitudinal profile of the energy shower in the calorimeter is 
required to be consistent with that expected from an electron incident along the 
observed track. 

The presence of the neutrino in W-C Y decays is deduced by measuring the elec- 
tron energy and the energies of all particles (generally hadrons) recoiling against the 
W. The missing transverse momentum (P;“) is attributed to the undetected neutri- 
no: 

where P; is the electron transverse momentum and ?,” is the total transverse 
momentum of the recoiling hadrons. In order to extract a clean sample of W+ CY 
events, the following kinematical cuts are applied in addition: 

. P; > 20.0 Gel’. P; > 20.0 GcV 

. M, > 40.0 GcV. 

M, is the transverse mass of the electron-neutrino system, defined as 
M, = 42 P;P; (I-cod+), where 64 is the azimuthal separation between the mea- 
sured electron and neutrino directions. 

These selection criteria result in a W sample of 1676 events with an electron in 
the central calorimeter, and 365 events with a forward electron. ,The samples are 
expected to contain a contribution of 3.8% and 3.3%, respectively, from the process 
IV-+ z Y followed by the decay z -+ c Y a. The background from misi+ntified jets from 
QCD jet production is estimated to be less than I %. 
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3.2 Z Selection 

At the trigger level events with two electromagnetic clusters with transverse 
energies above 5.0 GeV and an azimuthal separation of more than 60” are selected. 
At least one of the two electron candidates must satisfy the standard electron identi- 
fication, while the other one is allowed to satisfy looser cuts on the track preshower 
match (see Ref. [2] for details). This selection results in a total sample of 232 
events with an invariant mass of the electron pair above 40 CieV. There are’ 54 
events in the mass interval 40 - 70 GeV. which is in good agreement with the expect- 
ed 24 +- 2 Drell-Yan events plus 32 ‘f 5 QCD background events. In the mass 
reeion 76 <m-c 110 GeV, which is defined as the Z signal region, 169 events with 
an expected &D background of 2.4 & 0.3 events are found. one event is observed 
with m, = 278 GeV. The expected number of Drell- Yan pairs with masses greater 
than 160 GeV is 0.3 events. 

4. W  and Z Cross Sections 

4.1 Cross Section Measurement 

The cross section for W  production is determined from the equation 

where N, is the observed number of W  candidates, N. is the contribution from 
W+ z Y followed by the decay r-r c Y V, n is the acceptance of the geometrical and 
kinematic selections, E is the overall electron efficiency, and L is the integrated lumi- 
nosity. The acceptance r~ was calculated using a Monte Carlo program which gener- 
ated W  and Z boson production according to the transverse momentum and rapidi- 
ty distributions of Ref. [ 113. The Monte Carlo accounted for the effects of the event 
vertex distribution and for the precise geometry of the tracking, preshower and 
calorimeter detectors. The uncertainties on the acceptance were estimated by varying 
the structure functions and the transverse momentum distributions. The acceptance 
was found to be 53.0 k 1.7 %  for the central calorimeter region and 8.9 + 0.8 %  for 
the end cao region. The electron efficiency E differs among the different calorimeter 
regions. Ii ingludes contributions from ihe vertex finding, trigger and preshower 
matching efficiencies, as well as from the overall calorimeter efficiency. Detailed 
numbers for the various efficiencies in the different calorimeter regions can be found 
in Ref. 123. The combined electron efficiency, weighted by the acceptance of the dif- 
ferent calorimeter regions, is found to be 64.8 f 1.1 %. By using these numbers one 
obtains for the W  cross section: 

u; = 660 f 15 (star) f 37 (sysr) pb. 

To extract the production cross section of the Z boson, the following equation is 
used: 

where N, is the number of Z candidates, N,, is the number of bat t round events 
from QCD jet production,1 is the relative contribution from single pdoton exchange 
and yZ interference terms. This contribution has been estimated to bd 1.65 %  in the 
mass region 76 < m- < 110 GeV. The acceptance r) was estimated by the same 
Monte Carlo simulation as in the case of the W  and was found to be 49.6 + 1.0 %. 
The combined electron efficiency E, weighted over the various calorimeter regions, is 
found to be 63.3 f 1.5 %. From these numbers and the observed event rates one 
obtains for the Z cross section: 

u; = 70.4 f 5.5 (sror) f 4.0 (sysr) pb. 

The measured cross section values can be compared with the Standard Model 
predictions. In order to perform these comparisons, the following ingredients have 
been used: 

. calculations of the branching ratios for the decays W+ c Y and Z- cc by taking 
into account all decay modes expected in the Standard Model. For quarks in 
the final states QCD corrections have been applied, including the -effect of 
non -zero masses for the t and b quarks. 

. the total W  and Z cross section calculated at three different perturbative 
orders: (i) Born level, (ii) including the O(u,) QCD corrections [I I] and (iii) 
including a partial calculation of the O(aD corrections [ 123. 

The theoretical predictions depend on a number of basic parameters. The val- 
ue of 01, was computed using I&, as given from the structure function parametriza- 
tion used and a scale Q= M, . For the gauge boson masses the average values from 
SLC [13] and LEP [14] and the UA2 value of hf,/hfz were used (see section 6). A 
serious uncertainty arises from the parton distribution functions. The standard set 
used was DFLM [ 151 with A, = 0.160 GeV which has been evaluated using 
next-to -leading order QCD calculations and the DIS regularisation scheme. Two 
alternative sets, MRSE’ and MRSB’ [ 161 obtained from next-to -leading order 
QCD calculations performed in the jils scheme were also used. 

The comparison of the measured cross sections to the Standard Model predic- 
tion as a function of the top mass is shown in Figure 2. The dependence of the pre- 
dictions on m- arises from the change in the total width of the W  (Z) as the W+ r$ 
(Z- li) decay channels become kinematically suppressed. The O(aJ correction to 
the total cross section amounts to an increase of 30% and the partial calculations of 
O(an corrections indicate an additional increase in the cross section by 10%. 

The experimental measurements agree well with the QCD predictions including 
the second order corrections for the assumption of a heavy top qpark. However, due 
to the large theoretical and experimental uncertainties no quantitative conclusion on 
the mass of the top quark can-be made. Figure 2 illustrates that the major theoret- 
ical uncertainty is coming from the parton distribution functions and is found to be 
comparable with the experimental uncertainty. 
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Figure 2. Comparison of the measured cmss sections o; and 0; with Standard Model predictions 
as P function of m,. The shaded band hprcsents the 1~ confidence interval. combining 
statistical and systematic errors in quadrature. The three solid curves indicate the result 
of the cross section calcuktions. using the DFLM parton distribution functions. The 
upper dashed - uses the MRSB’ panmetitions. while the lower d&cd curve 
uses the MRSE’ parametrizations. 

I 
4.2 Measurement of the W Width 

Many systematic uncertainties, both experimental and theoretica , which con- 1 
tribute to the individual cross sections o; and o; are common and cancel in the cross 
section ratio R = o;/o;. Via the formula 

this ratio is related to the total cross section for W (Z) production Q,, (a,) and the 
total and partial widths for the boson decays. 

In the past, this information has been used to place limits on the number of 
light neutrino generations [ 173. Recent measurements by experiments at e’e- collid- 
ers [13,14] have now fued the total Z width with relatively high precision, allowing 
R to be used to make a precise, albeit indirect, measurement of the total width of 
the W. This width is sensitive to the mass of the top quark mnt if m, + m, < M, 
where m, is the mass of the b quark. From the equation above one obtains: 

where the first two factors on the right hand side do not depend on the value 
assumed for the top quark mass. The uncertainties on the first two factors have 
been investigated by varying the parton distribution functions and chanting the val- 
ue of sin’ 0, from the value determined by UA2 (section 7) to the world average val- 
ue determined from low energy neutrino experiments [IS] while keeping M* fmed. 
For the width of the Z boson the weighted average of SLC [13] and LEP [14] is 
used, r, = 2.546 f 0.032 GeV. From the measured cross section values the value R 
is found to be 

0’ 
R = ” = 9.38 

a; 
r;::; (slur.) f 0.25 (.rvSf.) 

which leads to the 

where the errors reflect the experimental errors only. The theoretical uncertainties 
correspond to an uncertainty of less than 50 MeV on Tr. . In the Standard Model 
the width of the W is expected to decrease from 2.8 GeV to 2.f GeV as Q, is 
increased from zero to hi, . The measured value is in agreement with the Standard 
Model expectation in the case of a heavy top quark, and is inconsistent with a light 
top quark. At the 90 % confidence level TV is found to be less than 2.56 GeV. 
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5. Trausverse~Momentum Distributions of W  and Z 

A study of the transverse momentum distributions of the W  and Z bosons is of 
interest for several reasons. Firstly, the P, dependence of the cross section provides a 
more sensitive test of QCD than the total cross section. In addition, one can look for 
deviations from the theoretical predictions which might indicate physics beyond the 
Standard Model. This is especially true for large P, values, where the events are 
characterized by jets plus leptons and/or missing transverse energy. These are typical 
signatures in the searches for new physics processes such as heavy quark production 
or supersymmetry. Finally, good understanding of the P: measurement is essential 
for a precise measurement of the W  mass. 

At low P, values where multiple soft gluon emission is expected to dominate the 
initial state radiation, the production cross section is calculated using soft gluon 
mummation techniques [ 1 I]. In the high P, regime (P,=- 20 GeV), the cross section 
is expected to be well described by QCD perturbation theory, and complete 00 
calculations are now available for this case [ 191. 

5.1 Transverse Momentum of the Z - Boson 

The transverse momentum of the Z boson F$ is evaluated from the measured 
total transverse momentum of the two decay electrons. The P: spectrum is shown in 
Figure 3(a). The measurement errors on e are dominated by the energy resolution 
of the calorimeter, and are estimated to be about 2 GeV. A more precise measure 
ment can be made for the TV component of P, where the ?I direction is defined as the 
inner bisector of the angle between the transverse directions of the two electrons. 
This component is relatively insensitive to fluctuations in the electron energy mea- 
surement, relying mainly on the angles of the electrons which are well measured. A 
resolution of about 0.3 GeV is estimated. The distribution of < is shown in Figure 
W. 

In Figure 3, the predictions of Ref. [II] are superimposed on the data. The 
curves have been modified to account for detector acceptance and resolution, and 
the predictions are normalized to the observed number of events. The principal theo- 
retical uncertainties are due to the lack of precise knowledge of certain input param- 
eters, namely A,, the parton distribution functions, and the scale of the running 
coupling constant. A plausible range of variations is represented by changing the 
structure function parametrizations and accordingly the value of Aoco. Curves are 
shown for Am = 0.160, 0.260, 0.360 GeV (four - flavour values) where the appro- 
priate DFLM structure functions are used in each case. Within the experimental 
and theoretical uncertainties there is good agreement between the data and the 
QCD prediction. 
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Figure 3. (a) The observed p: qatrurn (points) canpared with the QCD predictions of [ 111 for 
thm diiieent values of AK,. (b) The ramc comparison for the 1 component (see text) 
of p’, 
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s.2 Transverse Momentum of the W - Boson 

The measurement of the transverse momentum of the W boson is more com- 
plex, since for its measurement the transverse momentum of the ncutrino has to be 
used. As discussed in section 3 this requires the measurement of the transverse 
momentum of the system of hadrons recoiling against the W: 

Before comparing theoretical predictions with the data, detector effects have to 
be taken into account. Therefore one has to understand the resolution of the P,” 
measurement as well as any effects that might bias the P,’ measurement by consid- 
ering the system of recoiling hadrons. Such a bias can result from acceptance losses 
(hadrons escaping detection at small polar angles), calorimeter non - linearities and 
readout thresholds and also from the fact that for slow particles the energy mea- 
sured by the calorimeter may be smaller than their momenta. Such effects can be 
investigated by studying the momentum balance between the electrons and the 
recoiling hadrons in Z- de- events. The momentum balance along the q direction 
(<(ia) - e (/rod)) is shown in Figure 4. The superimposed curve corresponds to the 
prediction of the detector response model. Since this model correctly reproduces the 
resolution and the small systematic shift, it can be used to correct the theoretical Py 
distributions for detector effects. 

Figure 5 shows the low momentum range of the P,!” distribution compared to 
the calculations of [ 111 (curves). The consequences of uncertainties in the detector 
response are displayed in Figure 5(a). Figure S(b) shows the same data compared to 
theory for different structure function parametrizations using different values for 
Awa. The agreement is quite good, but the uncertainty in the detector response pre- 
cludes any quantitative conclusions. 

For the high P,!” tail of the distribution, the uncertainties in detector response 
are less important. In addition, in this region perturbative calculations are expected 
to be reliable and the data can be compared with the O(a2 calculation of [ 191. This 
comparison is shown in Figure 6, where the fraction of events is shown for P,!!>20 
GeV. The theoretical prediction, obtained by using the DFLM structure function 
parametrization with he, = 0.160 GeV is superimposed on the data. As for the low 
P: region, there is good agreement between the data and the QCD prediction. In 
particular, there is no evidence for an excess of events at high Py. In the data a frac- 
tion of 3.8 k 0.6 (stat) r:J (syst) % of events is found with Pp values above 25 GeV. 
The second order OCD calculation gives an estimate of 2.8 -f 0.3 % for this fraction 
for the DFLM structure functions,where the error reflects-the uncertainties due to 
the different DFLM sets. For the MRSB’ parametrization, the second order QCD 
prediction yields a fraction of 3.3 %. 
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Figure 4. The momentum banana observed in Z- ie- events along the PJ axis. The observed 
imbalana (points) is compared to tbc predictions of the detector response model 
(-4. 
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6. MeamementoftbeWandZMasses fitting problem. 

The results of the fits for the Z mass are summarized in Table 1. i, he quoted 
errors are the statistical errors from the fit. In a first tit, the width of the Z is fmed 
to 2.5 GeV, as expected in the Standard Model when Z-ri decays are kinematically 
forbidden. This fit is shown for the central sample in Figure 7(a), and for the 
f,-constrained sample in Figure 7(b). In a second fit, the width is left free provid- 
ing a test of the assumptions in the first tit. 

TabIe I: A summary of the M S  to diEermt 72 samples. 

Since the Z mass has been measured with high precision at ii colliders the 
ultimate goal is to measure the ratio MJMz with the smallest possible error at the 
hadron colliders and thereby to obtain a precise absolute measurement of the W  
mass. In order to guarantee a high quality of the energy reconstruction required for, 
this purpose, additional fiducial cuts are applied to the data sample: 

. W  and Z candidates in which one or both of the electrons hit an edge cell 
(0.8+(rl.O) of the central calorimeter have been removed. These cells have sig- 
nificantly poorer energy resolution due to the modifications made to install the 
new central tracking detectors.[ l] 

. W  and Z candidates in which one or both of the electrons hit a calorimeter 
cell close to a cell boundary have been removed. This cut eliminates I5 %  of 
the total surface area of the central calorimeter. 

. W  candidates with f: larger than 20 GeV have been removed. 

Since the energy reconstruction systematics in the endcap and in the central 
calorimeter are different, the systematic errors on the electron energy measurement 
for electrons in different calorimeter regions are not identical. Furthermore the rela- 
tive populations of W  and Z events in the different calorimeter regions are different 
and the systematic errors will not cancel in taking the mass ratio. Therefore only 
those events in which the electron energy is measured in the fiducial volume of the 
central calorimeter are used for the mass analysis. These restrictions lead to samples 
of 1203 W  events and 54 Z events with electrons in the central fiducial volume. 

Because of the relatively small remaining Z sample we have defined an addi- 
tional sample of Z events in which only one electron was required to be in the cen- 
tral fiducial region, whereas the other one was outside. These events have the energy 
of their second leg constrained by the requirement that the total momentum (elec- 
trons plus hadrons) is balanced in the transverse plane along a direction perpendicu- 
lar to the bisector of the two electrons. The result is an independent sample of 94 Z 
events, which will be referred to as f,-constrained sample in the following. The 
mass resolution for these events is worse, however their mass scale is derived from 
the energy calibration of the central fiducial region. 

The masses of the W  and Z bosons have been determined using a maximum 
likelihood fitting procedure. For the Z+ic decay, the extraction of the Z mass 
from the observed distribution of m_ was relatively simple. It was possible to use an 
analytic likelihood function which is a good approximation to the expected line 
shape, followed by small corrections for the effects which were neglected in the sim- 
plified function. 

For the W-+CV decay, the lack of knowledge about the longitudinal momentum 
of the neutrino forces the use of transverse variables in the fitting procedure. Likeli- 
hood functions are obtained numerically for the transverse momenta P; and f;, and 
the transverse mass hf, , using a detailed simulation of W  production and decay, fol- 
lowed by a carefully tuned model of the detector response to the W  decay products, 
implemented in the form of a Monte Carlo simulation which was optimized for the 

Sn111ylr PIwwlrt.er 1 1 Parameter Fit 2 Parameter Fit 
Cknt.ral 1 mz (GeV) 1 91.69 f 0.43 91.70 f 0.45 

(analytic mcth.) ri ( CeV) 2.5 2.96’: :: 
c:onf. Level 96% 99% 

&(ronstraincd) “1~ (GeV) 91.51 l 0.57 91.53 f 0.59 
(analvtic mcth.) I’z (GeV) 2.5 2.94:’ ‘I3 nar _ 

C!onf. Lekl 96% 97% 

cht ral mz (GeV) 91.71 f 0.48 91.72 l 0.50 
(numeric meth.) I’z (GeV) 2.5 3.06:: :: 

Cod Level 95% 84% J 

The mass of the W  has been determined by using two different fits to the three 
kinematical variables. In the first the width of the W  is fixed to 2.1 GeV, as expect- 
ed in the Standard Model when W-1 5 decays are kinematically forbidden. This fit is 
shown for the three kinematical variables in Figure 8. For the second tit, the width 
has been left free. The results of these fits are summarized in Table 2. 

Tabh2: A  summary of the fits lo different W  distributions. 1 

Sample Parameter 1 Parameter Fit 2 Parameter Fit 
ntw (GeV) 80.75 f 0.31 80.78 f 0.31 

Transverse Mass I-w (GeV) 2.1 1.892;:; 
c:our. Level 84% 89% 
mw (GeV) 80.79 f 0.38 80.83 f 0.39 

Pr(clcrtron) rw (GeV) 2.1 1.60”“’ 0 %s* 
Conf. Level 95% 9i%, 
mw (GeV) 80.32 f 0.41 80.33 f 0.42 

I+( neutrino) rw (GeV) 2.1 2.03+5? -0 .I 
Conf. Level 83% 88% 
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The most difficult aspect of the mass measurement involves the estimation of 
the systematic errors. For the Z, the following corrections and systematics were 
considered : 

. variations in the underlying event contribution to the electron energy scale; 

. the effect of radiative decays (i.e., unresolved y from 2+&e- y) ; 

. variations in the parameters of the model for measuring frw and their effect 
on the fr-constrained tit. 

These effects lead to an overall correction of - 140 MeV, an overall systematic error 
of 120 MeV, and an additional systematic error of 100 MeV for the f,--constrained 
tit. This additional systematic error for the f,-constrained fit was added in 
quadrature to the corresponding statistical error. The final Z mass is computed by 
taking a weighted average of the two one-parameter analytic fits in Table 1. The 
result is : 

M, = 91.49 f 0.35 (nor) f 0.12 (sysr) 5~ 0.92 (scale) Get’, 

where a scale error of 1.0% has beI included, reflecting the systematir uncert nty 
in the energy calibration of the cent. calorimeter fiducial volume. 

For the W  case, the analysis is more complex. The following list 01 zffects has 
been considered: 

variations of the f: distribution and variations in the model parameters for 
the measurement of f ,M; 

variations in the structure functions used in the Monte Carlo likelihood func- 
tion; 

possible scale errors in the measurement off;; 

uncertainties in the electron resolution; 

variations in the underlying event contribution to the electron energy scale; 

variations in the Monte Carlo Iikelihood function attributed to the finite 
Monte Carlo statistics used; 

the effect of radiative decays (i.e.,unresolved y from W+ycv). 

These effects lead to an overall correction of +40 MeV, +60 MeV and + 160 MeV, 
and an overall systematic error of 210 MeV, 300 MeV and 470 MeV for the M, , PA 
and f: tits, respectively. The tit to the transverse mass gives the smallest errors, and 
is therefore quoted as the final value. The other two fits provide a significant cross - 
check of the method. The statistical errors for the fits are strongly correlated, but 
the results are quite consistent within the systematic erros alone. The final value for 
the W  mass is then given by : 

M,,, = 80.79 f 0.31 (star) f 0.21 (sysf) f 0.81 (scde) GeV. 

where the 1% scale error has been included. 

The two measurements of the boson masses can be combined to derive a value 
for M,,,/M,. The energy scale contribution to the error on the ratio almost perfectly 
cancels. Thus the mass ratio is : 

MJMz = 0.8831 f 0.0048 (srot)f O.O026(sysf). 

This result can be combined with recent results from SLC [ 131 and LEP [ 141 
for the Z mass (a weighted average of Mz = 91.150* 0.032 GeV, including the current 
30 MeV uncertainty in the LEP energy scale, was used) to give a resealed W  mass: 

M, = 80.49 f 0.43 (m) f 0.24 (gur) Gel’, 

which can be compared with the value expected from the Standard Model. 

In the Standard Model of the electroweak interactions, with a minimal Higgs 
sector, there are three fundamental free parameters (ignoring the Higgs and fermion 
masses). A convenient choice for these parameters, which reflects the precision of 
current measurements, is : 

@, G,, Mz  . 

A renormalization scheme must be chosen for the computation of higher order cor- 
rections. In this analysis, the scheme of Sirlin [20] is used: 

leading to standard relations among the fundamental parameters: 

M:, = A’ and h4; = A’ 
( 1 - Ar)si&, ( 1 - Ar ) sin%,+, COS%‘~ 

where 

A= J = = 37.2805 f 0.0003 Ccl’. 
fi G, 

can be computed from current measurements of LI and G, [21]. The variable Ar 
represents the radiative corrections arising from virtual loops in the boson propaga- 
tors, and depends on the unknown masses m, and m”,,,,. These corrections have 
been calculated within the context of the Minimal Standard Model, containing a sin- 
gle complex Higgs doublet. 
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Using the relations defined above, it is possible; given values for the Z mass and 
Ar, to predict a value for the W  mass. This can be seen in Figure 9 where the 
dependence of Ar on m, and m,,,,,, is indicated by a series of lines in the ( M,,, , M, ) 
plane. The UA2 result, in combination with that of SLC and LEP, has been 
marked by a data point whose errors reflect the combined statistical and systematic 
errors on the measurements. This data point lies within the region of the plane 
allowed by the Minimal Standard Model, and is consistent with a top quark which 
is heavier than the W. 

Finally, the definition for the weak mixing angle given above can be used to 
convert the measurement of M&&f, to a measurement of sin%,,, : 

side, = 0.2202 f 0.9084 (Irot)* 0.0045 (Qw) 

which is consistent with the world average value [ 181 derived from neutral current 
experiments: 

sin%, = 0.2309 f 0.0029 (~a/) f O.O049(sysr). 02/ r ntop (GeV) 

2LO 

200 

160 

120 

I 80 

791"""""""""' 
911 912 913 : 914 

m, (GeV) 

Figwe 9. The comparison with the Minimal Standard Model pmdictions. The solid lines indicate 
the allowed values for M, and MI for a given WI-, with m,,-, A  100 GcV. The dotted 
(dashed) line indicate tie prediction for m, = 80 GeV with m,,-, = 10 (1000) GCV. 
The data point is dc6ned in tile ten. 
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7. Search for Additional Vector Bosom 

Additional vector bosons arise naturally in the framework of many possible 
extensions of the minimal SU(2) x U(I) Standard Model of electroweak interactions, 
whether it be through right-handed currents [22], composite models [23], or vari- 
ous models derived from superstring theories [24]. 

in the following, general limits on additional charged or neutral vector bosons 
are extracted, as a function of their mass, M, ( Mz ), their coupling to quarks L,, and 
their branching ratio to electrons, B,, where L, and B, are normalized to the Standard 
Model values. Using these variables, the cross section u for the production of an 
additional vector boson and its subsequent decay is 

where ur, is the cross section for standard couplings. It is assumed, that 

(V= W,Z) 

where TV and TV are the total width of the additional and standard vector bosons, 
respectively. 

In order to extract limits for W’ and 2’ production, their production and decay 
has been simulated using the DFLM structure function parametrization. A likeli- 
hood fit to the data sample using the transverse mass spectrum for the case of the 
W’ and the invariant mass spectrum of the two electrons for the case of the Z’ has 
been performed. 

The results are shown in Figure IO(a) and (b) for the W’ and Z’ respectively as 
95% confidence level contours in the ( M, , A: B, ) plane. In the region of degenerate 
masses the observed rates for Wd CY and Z+ e+C compared to the second order 
QCD prediction have been used to extract the confidence limits. In the high mass 
region, a W’ with M, < 247 GeV and a Z’ with MI < 216 GeV can be excluded 
with 95% confidence, assuming Standard Model couplings. 

UA2 

pp-2’ l x 

Excluded 95 % CL. 

I 
80 120 160 200 2LO 

f-$. IGeV/c’) 

UA2 

Excluded 95 % CL 

LO 80 120 160 200 2LO 
E1” IGev/r’l I 

(a) limits on an additional charged vector boson W ’. shown a 95% confidence level 
cxmtouninthc(M,, ( A’E, ) plane, where A,, the w’ coupling to quarks, and E,, the 
W ’ branching ratio to electron-ncutrino. are normalizul to the Standard Model val- 
ues. 
(b) Same as (a) for an additional vector boson Z’ decaying into electron pairs. 
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8. Cooclusions 

The large W  and Z data samples collected by the UA2 experiment have been 
used to extract improved measurements of the production and decay properties of 
W  and Z bosons. 

The production cross sections times branching ratio to electrons as well as the’ 
transverse momentum distributions are found to be in good agreement with QCD 
predictions. In particular the high P: tail agrees with recent O(U~ calculations, and 
shows no significant excess indicative of new physics processes. 

From a precise measurement of the mass ratio M,,,/ hf, a new value for the 
weak mixing angle sir?@,,, = 0.220 + 0.008 (stat) &- 0.005 (syst), has been reported. 
From a combination of the measured mass ratio with recent measurements of the Z 
mass at SLC and LEP a precise absolute measurement of the W  mass was obtained: 
M, = 80.49 + 0.43 (stat) + 0.24 (syst) GeV. The results of all measurements are in 
good agreement with the Minimal Standard Model and give support to the hypothe- 
sis that the top quark is heavier than the W. 

The data have been used as well to set limits on the masses of possible addi- 
tional charged (W’) or neutral (Z’) vector bosons. Assuming Standard Model cou- 
plings, a W ’ with M, < 247 GeV and a Z’ with M, < 216 GeV are excluded with a 
95% confidence level. 

9. References I 

[I] UA2 Collaboration, Proposal to improve the performance of the UA detector 
CERN/SPSC 84 - 30.84 -95 and 85 - 3 (1984 and 1985, unpublishe i ); 
UA2 Collaboration, C.N. Booth, Proc. 6th Topical Workshop on Proton Anti- 
proton Collider Physics, Aachen 1986. 

[2] UA2 Collaboration, J. Alitti et al., Z. Phys. C47 (1990) 11. 

[3] A. Beer et al., Nucl. Instr. Meth. 224 (1984) 360. 

[4] F. Alberio et al., The electron, jet and missing transerse energy calorimetry of 
the upgraded UA2 experiment at the CERN, pp.- ollider, in preparation for 
Nucl. Instr. Methods. 

[S] R.Ansari et al., Nucl. Instr. Meth. A279 (1989) 388. 

[6] F. Bosi et al., CERN - EP/89 - 82 (1989). 

[7] R.Ansari et al., Nucl. Instr. Meth. A263 (1988) 51. 

[8] R.E. Ansorge et al., Nucl. Instr. Meth. A265 (1988) 33; 
J. Alitti et al., Nucl. Instr. Meth. A279 (1989) 364. 

[9] K.Borer et al., Nucl. Instr. Meth. A286 (1990) 128. 

[IO] G. Blaylock et al., The Multi - Level Trigger and Data Acquisition System of 
the Upgraded UA2 Experiment at the CERN pp-collider, in preparation for 

Cl 11 

Cl21 

Cl31 

Cl41 

Cl51 

Nucl.-lnstr. and Meth. 

G. Altarelli et al., Nucl. Phys. 8246 (1984) 12; 
G. Altarelli et al., Z. Phys. C27 (1985) 617. 

T. Matsuura, W.L. van Neerven, 2. Phys. C38 (1988) 623; 
T. Matsuura, S.C. van der Marck, W.L. van Neerven, Phys. Lett. B211 

(1988) 171 and Nucl. Phys. B319 (1989) 570. 

MARK II Collaboration, G.S. Abrams et al., Phys. Rev. Lett. 63 (1989) 2173. 

ALEPH Collaboration, D. Decamp et al., Phys. Lett. B231 (lp89) 519; 
DELPHI Collaboration, P. Aarnio et al., Phys. Lett. B231 (1989) 539; 
L3 Collaboration, B. Adeva et al., Phys. Lett. B231 (1989) 509; 
OPAL Collaboration, M.Z. Akrawy et al., Phys. Lett. B231 (1989) 530. 

M. Diemoz, F. Ferroni, E. Longo, G. Martinelli, Z. Phys. C39 (1988) 21. 
I 

[I63 tiy5 Martin, R.G. Roberts and W.J. Stirling, Mod. Phys. Lett. A4 (1989) 

[17] UA2 Collaboration, R. Ansari et al., Phys. Lett. B186 (1987) 440; 
UAl Collaboration, C. Albajar et al., Phys. Lett. B198 (1987) 271. 

[I81 G.L. Fogli, D. Haidt, Z. Phys. C40 (1988) 379. 

-486- 



[19] P.B. Arnold, M.H. Reno, Nucl. Phys. B3ld (1989) 37. 

[20] A. Sirlin, Phys. Rev. D22 (1980) 971. 

1211 ;;rticle Data Group: Review of Particle Properties, Phys. Lett. B204 (1988) 

[22] P. Langacker et al., Phys. Rev. D30 (1984) 1470. 

[23] U. Baur et al., preprint MPl - PAE/Pl’H 29/85 (1985). 

[24] E. Cohen et al., Phys. Lett. B165 (1985) 76; 
F. de1 Aguila et al., Nucl. Phys. B287 (1987) 419; 
D. London and J.L. Rosner, Phys. Rev. D34 (1986) 436. 

-4a7- 



B-PHYSICS at CDF 

A .R.Baden 
University of Maryland 

F. Abe,(s) D. Amid&(‘) G. Apollinari, (I’) M. Atac,(‘) P. Auchincloss,(“) 
A. R. &den,(s) A. Bamberger,(‘s) A. Barbara-Galtieri,(s) V. E. Barnes,(12) 

F. Bedeschi,(“) S. Behrends,(*) S. Belforte,(“) G. BelJettini$“) J. Bellinger,(‘“) 
J. Bensinger, (‘) A. Beretvas,(‘) J. P. Berge,(‘) S. Bertolucci,(‘) S. Bhadra,(‘) 
M. Binkley,(‘) R. Blair,(‘) C. Blocker,(‘) A. W. Booth,(‘) G. Brandenburg,(s) 
D. Brown,(e) E. Buckley,(“) A. Byon,(‘2) K. L. Byrum, C. Campagnari,(-‘I 

M. CampbelJ,(3) R. Carey,(s) W. Carithers,(8) D. Carlsmith,~~s) J. T. Carroll, 

R. Cashmore, F. Cervelli,(“) K. Chadwick,(‘) G. C&iarelli,(6) 
W. Chinowsky,(s) S. Cihangir,(‘) A. G. Clark,(‘) D. Conner, M. Contreras,c2) 

J. Cooper,(‘) M. Cordelli,(s) D. Crane,(‘) M. CuratoIo,(5) C. Day,(‘) 
S. Dell’Agnello, (]I) M. Dell’Orso,(“) L. Demortier,(2) P. F. Derwen113) 

T. Devlin.(“) D. DiBitonto!‘s) R. B. Drucker.(9) J. E. Elias. R. Elv.@) 
S. Errede,(‘) B. Esposito,(s) B. Flaugher,(“) G. W. Foster,(‘) M. FranA$n,(s) 
J. freeman,(‘) H. Frisch,(3) Y. Fukui,(s) Y. Funayama,(‘6) A. F. Garfi&el,(‘2) 

A. Gauthier,(‘) S. Geer,(s) P. Giannetti,(“) N. Giokaris,(13) P. Giromini,(‘) 
L. Gladney,(“) M. Gold,(@) K. Gouliano~,(‘~) H. Grassmann, 

C. Grosso-Pilcher,(3) C. Haber,@) S. R. Hahn,(‘) R. Handlet, K. Hara,(le) 
R. M. Harris,(g) J. Hauler, T. Hessing,(15) R Hollebeek,(“) L. Holloway,(‘) 

P. Ho,(“) B. Hubbard,(‘) B. T. Huffman,(“j R. Hughes,(“) P. Hurst;‘) 
J. H&h,(‘) M. Incagli,(“) T. Ino, H. Iso, H. Jensen,(‘) C. P. Jessop,(s) 

R. P. Johnson!‘) U. Joshi, R. W. Kadel,(‘) T. Kamon,(15) S..Kanda,(16) 
D. A. Kardelis)‘) 1. Kariiner,(‘) E. Kearns,(‘) R. Kephart,(‘) P. Kesten,(‘) 

R. M. Keup,(‘) H. KeuteIian,(‘) S. Kim,(“) L. Kirsch,(*) K. Kondo,(‘b) 
S. E. Kuhlmann,(‘) E. Kuns,(“) A. T. Laasanen,(‘2) J. I. Lamoureox,(‘s) 

W. Li,(‘) T. M. Liss,(‘) N. Lockyer,(“) C. B. Luchini,(‘) P. Maas, 
M. Mangano(“) J. P. Marriner,(‘) R. Markeloff,(‘8) L. A. Markosky,(‘s) 

R. Mattingly, P. Mclntyre,(“) A. Menzione,(“) T. Meyer,(‘s) S. Mikamo.‘“) 
M. MillerJ3) T. Mimashi!“) S. Miscetti,(s) M. Mishina,(‘) S. Miyashita,(‘s) 

Y. Morita,(‘s) S. Moulding,(‘) A. Mukherjee,c4) L. F. Nakae,(‘) I. Nakano,l’s) 
C. Nelson,“) C. Newman-Holmes,(‘) J. S. T. Ng,“) M. Ninom.iya,l”) 
L. Nodulman,(‘) S. Ogawa,(“) R. Paoletti,(“) A. Para, E. Pare,(s) 

J. Patrick,(‘) T. J. Phill ips, (‘1 R. Plunkett,(‘) L. Pondrom,(‘s) J. Proudfoot, 

@  D. Baden I991 

-489- 



G. Punzi,(‘i) D. Quarrie,t’) K. Ragan, G. Redlinger,t3) J. Rhoades,t’s) 
M Roach (I’) F Rimondi (I’) L. Ristori 1 . tll) T. Rohaly,(“) A. Roodn,an,(31 

A. Sansoni,ts) R. D. Sard,(‘) A. Savoy-Navarro,(‘) V. Scarpine, P. Schlabach,t’) 
E. E. Schmidt,(‘) M. H. Schub,(12) R. Schwitters,(‘) A. Scribano,(“) S. Segler,(‘) 

Y. Seiya,( “1 M. Sekiguchi,( is) P. Sestim,t”) M. Shapiro,(s) M. Sheaff,(‘s) 
M. Shochet,(5) J. Siegrist, t9) P. Sinervo,(l”) J. Skarha,(‘s) K. Sliwa,(“) 

D. A. Smith,(“) F. D. Snider,(3) Ft. St. Den&(‘) A. Stefanini,(“) 
R. L. Swartz, Jr.,(‘) M. Takano,t’s) K. Takikawa,tls) S. Tarem, D. Theriot, 

M. Timko,(‘s) P. Tipton, S. Tkaczyk,(‘) A. Toliestrup,(‘) G. Tone&(“) 
J. Tonnison,(‘2) W. TrischukJs) Y. Tray, F. Ukegawa,(“) D. Underwood!‘) 

R. Vidal,(‘) R. G. Wagner,(‘) R. L. Wagner)‘) J. Walsh,(“) T. Watts (I’) 
R. Webb,(‘s) C. Wendt,(“) W. C. Wester, III,(8) T. Westhusing,(“j 

S. N. White,(13) A. B. Wicklund, H. H. Williams,(“) B. L. Winer,(@) 
A. Yagil,(‘) A. Yamashita,(‘s) K. Yasuoka,(‘s) G. P. Yeh,(*) J. Yoh14) 

M. Yokoyama,(‘s) J. C. Yun,(‘) F. Zetti(“) 

(‘) Ar,,onnr Nol,on.l Laboraloty. Aywnnr. ,,,,no,r 60,39 
(‘1 B ran d et, Unw.rr,ty. bV.lrham, M.r,.chu,.tlr ‘V.H( 

(3) “nt..r.,ty o, Chtcepo, Ch,c,q, 1lhn.t. 80657 

(” Fwrn~ Nateone, Acrclwalor Laboratory. Batavia, Illsnots dDSl0 
(5) Lobor.&,ri N.ar,ono,, d, Fv.a.r.t,, I,t,tut. N.r,on& d, F,,,r. Nuc,..rr, Fr..r.,,, holy 

(61 H..v.rd Unns.r.,ly. Cmbndp., Mo.,ochu,rftr 02138 
(‘I “nwrrtly o, ,,,rn.,,, “~b.n., ,,ltn.,r 6,801 

(Q) N.!wm., ‘.bor.,.ry ,or H,9h En.vgy Phymc, (KEh-), T,ukubo. ,b.raki JOS, Japan 

(‘) Lauwnrr fl<rk& Lobmtor,,. Bwk&y, Ca,,,o.nm 9,720 
(‘01 “n,v.r.,ly o, Pcnnrylvm,.. Philodrlphta, Pmnryhonm ,9lO, 

(“1 Iottfuto Narwndr da Fawn Nuclran, Ilnwrrrtty and Scuolo Nom& Suptriorc of Pare, 1.66100 Pwo, ltoly 
(12) Purdue Unwcrmly, Wrrl Lmfoyrttr, Indiana (7907 

(13)R kill oc e e I, “~,DII,,I~, Nrvl York. NW York ,OOl, 
(14) R.lgcrr “n,v.r.rty, P~cnl.w.~, New ,.rrry DBBd, 

(‘51 Tmar AUM “nw~rrt~y. Col1.p Stolmn, Tt*.r 778‘3 
(‘61 Unrwrrnly of Takubo, Tnkub.. Ib.mk, 305, J.p.n 

(‘7’ TyfL. u nwrrdy. Medford, M....rhu,cur O.?,S6 
(‘8) “n,.rr,,~ of Wt,con,,n, Mc,d,,on. W,,ron.m 53706 

(‘9) V,r,,or 

1. INTRODUCTION 

During the 1988/1989 run at the Fermilab Tevatron, the CDF det,ector col- 
lected N 4.lpb-’ of pjj data at fi = 1.8 TeV. The main goals of this run being 
physics at high pt, the CDF trigger was “tuned” for maximizing signals from Z”s, 
Ws, t-quarks, and etc. As such, compared to the high pt physics, the b-physics 
program was of secondary importance other than that which would be used for 
background calculations. Also, CDF had no vertex chamber capability for seeing 
displaced vertices. However, significant b-quark physics results are evident in two 
data samples: 

1. Inclusive electrons; 

2. Inclusive J/~+!J where J/q5 --+ p+p-. 
We can then ask ourselves, given all this, why is it that CDF is able to do 

b-quark physics? The answer is that nature has been kind enough to provide b 
quarks at an extremely high rate at the Tevatron. The production cross-section 
for b& production is quite large, as table I implies. 

PROCESS ~pod.ced(Pba~ns) Per inelastic 

Unitarity (- 4ar&,,) 120,000 

Inelastic (“minimum bias”) 80,000 l/2 
“QCD” (moderate+high Q2) 1,000 l/50 
b6x 40 l/1000 

W ---t ev 0.002 l/25,000,000 
ti X (mlop = 100 GeV) 0.0001 1/500,000,000 

Table 1. A comparison of various “typical” production cross sections at the Teva- 
tron. All numbers are approximate. 

In the rest of this paper, I will try to specify the goals for b-physics using the 
inclusive electrons and J/I& signals for the 1988/89 data set. I will then provide 
a brief look at the data, and will finish with some highly speculative guesses as to 
whether or not experiments at the Tevatron which look for CP violation in the b 
sector are possible. 
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2. B PHYSICS GOALS AT THE CDF 

There are many theoretical questions to answer concerning production prop- 
ertiss of b quarks. For instance, due to the fact that the structure functions favor 
gluon interactions below m  N 30 GeV (where the b& cross-section is highest), 
one expect,s that initial-state gg diagrams dominate over initial-state qij and qg. In 
figures 1 and 2 we show the lowest and next highest order diagrams, and of these 
the t-channel diagrams (“gluon fusion”) dominate lowest order and the gg -+ gq?j 
(“gluon splitting”) dominate at next highest order. Naively, the cross-section for 
the higher order amplitudes is expected to be of order o, smaller than the tree 
level process due to the extra vertex. However, when the invariant mass of the qg 
is small compared to &, the energy of the subprocess, the process can be factored 
into a term for the production of gg (proportional to a,) times the propagator 
(l/m&) times the gluon splitting probability into qij, or following Eichten[l] 

and for production at pseudo-rapidity 17 = 0 in the CM frame 

Since the lowest order gg production cross-section is a factor of N 100 times that 
for lowest order qtj, we see that c(pjj + q-Q.r/) N g(pij -+ qq). Note that these two 
processes (flavor creation us. gluon splitting) may have different topologies and 
pi dependencies, and as a source of backgrounds to high pi processes such as t? 
production, it is crucial to measure the bg production properties such as 0 and 
do/dppt. Predictions of b6 production rates at the SSC would also be aided if 
the extrapolations (to small I z E/Ekam and large Q2) started at 1.8 TeV from 
measured rates. For these reasons, the measurement of the bx production cross- 
section and da/dpi are some of the main goals of the CDF b-physics program. 

Also, since the mixing for B”s isclarge: 

rE 
r(BO4$+~) 

IyBO --+ X0) = 0.19 * 0.06 * 0.06[2] 

Figure 1. Lowest order graphs for qg production. 

Figure 2. Next highest order graphs for qq production. 

a measurement of mixing using the like-sign electrons in the inclusive dielectron 
sample is anot,her goal of the CDF b-physics program. 
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3. THE CDF DETECTOR 

The CDF detector has been described in detail elsewhere 131; here we describe 
relqvant components in brief. 

3.1 Tracking 

Immediately outside the beam pipe are 8 time projection chambers (VTPC) 
providing T - t tracking up to a radius of 22 cm in the pseudo-rapidity region 
]n] < 3.5. The primary use of the VTPC is in event vertex finding in z (with 
a resolution of 6t N 1 - 2 mm) and in identifying photon conversions in the 
VTPC/CTC (central tracking chamber) inner wall. Charge tracks are measured 
in a 1.412 Tesla axially field by the CTC, an axial drift chamber in the region 
]n] < 1.2. The chamber consists of 84 sense wires, 24 of which are tilted f3” to the 
axial direction for stereo determination. The wires are arranged in 9 superlayers, 
tilted for Lorentz angle compensation, extending to a radius of 1.3 m. Transverse 
momentum resolution 6pl/pt is measured to be 0.0017pt (GeV/c), and is improved 
to 0.001 lpr using beam constrained fits. 

3.2 Calorimetry 

The CDF calorimetry consists of three subsystems in the regions /n] 5 1.1 
(central), 1.1 < ]q] < 2.2 (plug), and 2.2 < ]n] 5 4.2 (forward). In this analysis, 
electrons are restricted to the central region and jets are restricted to the central 
and plug regions. 

The central electromagnetic (CEM) calorimetry consists of alternating layers 
of lead with scintillator sampling, 18 radiation lengths deep, with projective tower 
geometry subtending 6~ x 64 = .ll x 150. The resolution measured using testbeam 
electrons between 10 and 50 GeV is found to be u/E = 13.5%/a@ 1.7% where 
the two terms are added in quadrature and Et = EsinB is in GeV. At shower max in 
the CEM (6X0) are proportional wire chambers (CES) with cathode strip readout 
used to measure the azimuthal and axial position and shape of showers. The 
resolution measured using 25 GeV testbeam electrons is 2.0 mm in both the 4 and 
z coordinates. Hadron showers are ‘measured using iron-scintillator calorimeters 
(CHA and WHA) located radially behind the CEM. The resolution for testbeam 
pions is measured to be u/E ~?i SO%/&. The phototubes are instrumented with 
TDCs which provide timing information used to reject cosmic ray and Main Ring 
backgrounds. 

The plug and forward regions consist of gas proportional-tube calorimeters, 
both using lead absorber for EM showers and iron for hadronic and employing 

cathode pad readout. Projective towers cover 67 x 64 = .09 x 5”. The energy 
resolution for electrons and jets is measured to be u/E N SO%,/&? and u/E N 
120%/a respectively. 

3.3 Central Muons 

Muons are identified in the central region ]n] < 0.65 in drift chambers operated 
in streamer mode situated behind the 4.9 absorption lengths of the central EM and 
Hadron calorimeters. Chambers are segmented in 4 into 12.6” wedges attached to 
the top of each calorimeter wedge, and there are 4 chambers per wedge. Single 
hit TDCs provide timing used to determine the 4 coordinate in each chamber to 
6~4 N 0.5 mm. Charge division is used to measure the z coordinate to 62 N 5.0 
mm. 

4. INCLUSIVE ELECTRONS 

4.1 Trigger and Selection Criteria 

For the 1988/89 Tevatron run, the inclusive electron trigger consisted of the 
following: 

l Hardware levels: 

- Limited to the central tracking region ]n] 5 1 

- Hardware electron cluster defined by 

1: < 15 trigger towers (617 = .2,6+ = 15’) 

+ transverse electromagnetic (EM) energy > Et/l.125 where Et is the 
total transverse energy in the cluster. 

- A match to a “stiff’ CTC track in the same (b) slice. 
- 12 GeV trigger: EM Et > 12 GeV and pi of the track 1 5.5 GeV. 

- 7 GeV trigger: EM Et > 7 GeV and pr of the track > 4.8 GeV. 

l Software level: 

- Shower profiles in the strip chambers consistent with testbeam electrons. 

- Et of the electrons above 12 GeV for the 12 GeV triggers and 7 GeV for 
the 7 GeV triggers. 

The efficiency for the 12 GeV trigger was studied using the missing transverse 
energy (pi) triggers at “high” p: and the 7 GeV triggers at low pt. 

Offline, electrons in the central region are required to pass the following cuts: 
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. Lshr < 0.2. This is a measure of how the lateral leakage of energy in an EM 
shower is consistent with testbeam data. The z vertex (from the VTPC) is 
used for this calculation. 

* l 6rd < 1.4 cm and 6% < 2.0 cm where 6~4 and 62 are the distances in r+ 
and z between a track as extrapolated from the CTC and the EM shower 
position as measured in the CES. 

l 2 < 10 where 2 is the average x2 of the shower profile (using testbeam 
electrons) in the r$ and t views in the CES. 

l Had/Em < 0.04 in the cluster. 

. 1 and only 1 charged track pointing to the cluster. 

. 0.75 < E/p < 1.40 where E is measured from the cluster and p from t,he 
CTC. 

Photon conversions are rejected searching for an oppositely charged track 
within 6(cot 0) < 0.06 in the polar angle which has a distance of closest approach 
of less than 0.2 cm to the electron candidate. Candidate electrons which satisfy 
this cut and an additional criteria that for VTPC/CTC conversions there be less 
than 20% of the expected hits for a real electron in the appropriate road in the 
VTPC are removed. 

After all cuts, we estimate the background to the prompt electron signal to be 
15 f 15% from charge hadrons and 12 f 7% from residual photon conversions. 

Additional backgrounds from W -+ ev and Z -+ e+e- decays are removed 
requiring the following: 

1. nf; z 2E&(l - cos64) > 64E t where Et is of the electron and &is the 
length of the vector sum of the transverse energy in the calorimeters (with 
1~1 < 3.6). This removes W + ev decays. 

2. For all other clusters in the event which have EM fraction above 0.85 (EM 
cluster), we require the invariant mass of the electron candidate and the EM 
cluster m(e, EM) > 80 GeV. This removes Z -+ e+e- decays. 

After all cuts, there are approximately 13,000 electrons from the N 225nb-’ of 
7 GeV triggers and 17,000 from the N 4.lpb-’ of 12 GcV triggers. Figure 3 shows 
the pi spectrum for these electrons before and after W/Z subtraction, and figure 
4 shows the pt spectrum for the conversion candidates. 

4.2 Production Rates 

rd 

The physics contribution to the inclusive electron distribution (not from back- 
grounds such as misidentification and conversions) are rstimat,ctl using thr ISAJET 
Monte Carlo. Events are produced from the following physics sources: 
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l Bd,” mesons decaying SCmileptOniCally; 

. B, mesons decaying semileptonically; 

. . B baryons decaying semileptonically; 

. charm mesons decaying semileptonically; 

l cascade decays b + c -+ 1; 
. J/I+!I -+ l+l- production. 

After generation, all events were run through the full CDF detector simulation 
programs. The following table summarizes the results for electrons with pl > 12 
GeV 

Production 

Fraction 

Detection 

Efficiency 

Observed 

Fraction 

B u,d 
0.60 

0.43 

0.72 

BS 
0.09 

0.43 

0.12 

&AQ!Oll Charm 

0.05 0.20 

I 0.35 0.17 

0.05 0.09 

Table 2: Fractions of electrons with pt > 12 GeV from various sources. 

The first row lists the fraction of the inclusive electron produced cross-section from 
the various sources. The second row lists the detection efficiency for each source. 
The last row contains the fraction of the obserued inclusive electron cross-section 
from the various sources. W e  see that ISAJET predicts that 72% of the (real) 
inclusive electrons are from B-isospin mesons, and that 90% are from all B sources. 
Figure 5 shows the inclusive electron sample after W /Z removal with the ISAJET 
predictions for b and c to electrons superimposed (and a curve for c  only) with 
arbitrary normalization. 

4.3 B -+ Do 

The above table predicts that 72% of the inclusive electrons in the region 
191 < 1,pt > 12 GeV are from Bu,d mesons. Therefore, we search for evidence 

of Do mesons in these events via the decay Do + K-T+ and 3 + K+a-. To 
reduce backgrounds, we limit the the pt of the electrons to be between 11 and 30 
GeV. Note that the sign of the electron tags the charge state of the b quark and 
the sign of the kaon tags the charge state of the charm meson. The invariant mass 
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Figure 6. Inclusive lcpton p, spectrum: W/i! removed 
with lrptons Lam ISAJET b and c quark decay. 
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of all pairs of oppositely charged tracks within a cone of AR = 0.6 in 174 space 
(AR’ E bq* + 64*) around the electron are shown in figure 6. The momentum of 
the “kaon” track is then required to be above 1.5 GeV, and the sign is required to 
be the same as the electron (or positron). The peak above background contains 
75 f 17(&t) events. ISAJET calculations predict 72 f 20 events. Figure 7 shows a 
plot of the Kae invariant mass for events in the region Im( Kr) - mgo 1 < 30 MeV. 
The events in the sideband region defined by 30 < m(K?r) - mgo < 90 MeV and 
-90 < m(K?r) - mD0 < -30 MeV are subtracted, and for this plot the cone cut 
is opened up to AR < 1.2. We see that within statistics the distribution falls to 
zero near the mg threshold. This is as one would expect if the DOS and electron 
were from a B meson decay. 

Since b quarks are produced in pairs, one would expect to see DOS produced 
in the “other” jet, which would result in kaons opposite in charge to the lepton. 
Flavor creation processes should result in events with a lepton and an oppositely 
charged kaon in opposite detector hemisphcrcs. Figure 8 shows no evidence of a 
Do peak for events on the “other” side. This is under investigation, and may be 
due to at least one or more of the following reasons: 

l bt quarks should be produced with some rapidity correlation such that 6~ N 1 
or greater. [4] Also, one expects that the bg rapidity distribution to be rather 
flat out to rapidities of N 4. [4,5] S ince the tracking region of the CTC is 
limited to the region 1~1 < 1, this would cause a decrease in the acceptance 
for the “other” b given the detection of the first one. 

l Qualitatively, a cut of pF’edron > 12 GeV corresponds to roughly pf > 20 
GeV. This is far out on the tail of the b quark pi distribution, [6] where the 
efficiency for detecting Do -+ K-H+ is expected to be reasonable. However, 
the b quark on the other side does not necessarily have the same high pi as 
its partner, and hence will be more difficult to detect. 

Work is continuing on this important question. 

4.4 Inclusive Electrons - Goals and Speculation 

At this date, a value for the mixing parameter (see section 2) is in progress. 
Also, since the semi-lcptonic decay of the B,, meson should be 1: 100% to the D, 
meson (B, -+ D,evX), one might speculat,c t,hat by looking for D, + &r or D, + 
Ii*‘K+ one may measure the msss of the 0,. This search is in progress. (However, 
as described below, CDF may have better measurements of these quant,ities using 
the inclusive J/G * p”+,u- events.) It is difficult to estimate how many events may 
br in the present sample due to many uncertainties, e.g., the fract,ion of B mesons 
which are B,, the branching ratio of b + e, the reconstrurt,ion efficiencies, etc. 
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Figure (1. h’*ni invxiant mass distribution in 
hemisphere opposite the electron candidate. 

For instance, if we search for D, -+ &r+(q~ -+ K+K-) and D, -+ K*‘K+(K*’ -+ 
K-r+), “reasonable” estimates indicate that the produced number of B, events 
should be no larger than N 5. 

The next run is scheduled for mid-1991. CDF expects to record an increase 
in the luminosity of N x8. With a lower trigger threshold, 12 + 10 GeV, an 
additional factor of 2 - 3 may be gained. This would mean a sample of N 300,000 
inclusive leptons with pt > 10 GeV on tape. CDF also plans to install a silicon 
vertex (SVX) chamber around the beam pipe to look for displaced vertices. With 
such a device and the expected amount of data, the B, meson should be discovered 
and its lifetime and meson fraction (Bd/BU,d) measured. This device will also help 
in studying lepton-Do events by required displaced vertices. 

5. EXCLUSIVE DECAYS OF B-, $X, 11, + p+p- 

5.1 Trigger and Selection Criteria 

As mentioned above, the CDF central muon system covers the region 1171 < 0.6 
(cos0 > 0.53) and due to the construction of the chambers has an acceptance of 
N 83% x 2?r in 4. The trigger consists of the following: 

l Hardware Level 1: A central muon candidate is defined as having a coinci- 
dence between at least two out of four layers of the central muon chambers 
with roads defined to be 50% efficient for 3 GeV muons. See ref. [3] for more 
details. 

l Hardware Level 2: Requires 2 level 1 central muon candidates each having a 
track match in 4 (f7.5”) with pi > 3 (90% efficiency point). 

l Hardware Level 3: Requires the level 2 dimuon as above with an additional 
requirement that the two muons have pi > 3 where here pf is the momentum 
of the tracks matched in 4 as determined by a fast, zy tracking reconstruc- 
tion. 

Offline, tracks are reconstructed using the full CDF tracking program, and 
“stubs” in the muon chambers are matched to tracks to form candidate muons 
with the requirement that pt > 3. Due to hardware problems at the beginning 
of the run, only - 3.0pb-’ of dimuon triggers were collected. Dimuon unlike- 
sign candidates are then used to search for J/$ candidates. Figure 9 shows the 
invariant mass distribution of dimuon candidates where the pt of the dimuon pair 
was required to be greater than 4 GcV. The distribution from like-sign dimuon 
pairs is also shown in this figure as a dashed line. There are approximately 1700 
J/4 events in the peak. 
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5.2 J/$ Production 

.J/$ particles are produced either directly as charmonium (frp -+ c?X) or as 
decay products of other particles. Since the J/$ has quantum numbers Jpc = l--, 
t-channel processes (gg -+ ci?) which have 2 gluons in the initial state are suppressed 
relative to s-channel processes (e.g., gg + g -+ cZ) which have a single gluon in the 
initial state. However, in pp collisions for mass states as low as the J/Q, t-channel 
processes dominate the production. This results in a suppression of direct J/q 
production relative to the production from decays, dominated by Xl,2 + J/G-y 
and B --+ J/$X. Again, since gluon fusion processes dominate, it is the rnzs state 
which determines the production rates at a given pi. Therefore, one would expect 
that the process x1,2 + J/$7 will dominate at low pi and D + J/$X dominate at 
a higher pt (pt of the J/$ ). Figure 10 shows the transverse momentum distribution 
of the J/$ candidates along with a prediction from a calculation by Glover et al.[7] 

5.3 b6 Cross-section 

There are many methods available for measuring the b& cross-section. At 
present, all results are preliminary. I will therefore describe some of the more 
promising methods which are being explored. 

5.3.1 Event Topology 
In producing J/$ from X1,2 decay, the pi of the Xl,2 comes from recoil gluons, 

whereas lowest order b& can have nonzero pt of the b-quark recoiling against a 
partner b. The event topologies are therefore expected to be different. For instance, 
J/$ from B decay should be nearer to hadronic activity occurring in the same bjet 
relative to ~1.2 where most of the remaining jet activity in the event is occurring in 
the recoil side. We therefore search for such a correlation in J/Q-track and J/Q-jet 
distributions. The analysis is at this time too preliminary to present here. 

5.3.2 The Ratio g($)/u($‘) 
Figure 11 shows the lepton invariant mass of dilepton pairs at the T(4S) as 

measured by the CLEO collaboration. [8] From figure 9, we see that the cross 
section for detecting J/4’ relative to J/G is quite a bit smaller at the Tevatron. 
Since theoretical prejudice has it that at the Tevatron N 100% of all J/$’ come 
from 13 decays, there must be anothrr source of J/Q production. By comparing 
with the CLEO result, one can ext,ract the rate for x1,2 --+ Q, and use this to 
mcasurc the b& production cross section. This analysis is also in progress and will 
not be discussed here. 
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Figure 11. Dilepton mass from CLEO 

5.3.3 x + J/$y 
The search for the decay xl,2 --* J/$7 begins with the dimuon sample (3.0pbF’). 

Muon candidate tracks are fit with a beam constraint. Figure 12 shows the dimuon 
invariant mass in the signal (3.05 < m(/~+p-) 5 3.15) and sideband (2.80 < 
m(p+p-) 5 3.00 and 3.20 < m(p+p-) < 3.40) regions. 

For each muon candidate, the track extrapolatjon to the muon stub is required 
to match within f5cm (N 20) in the transverse plane. Photon candidates are 
restricted to central towers with EEM 1 1.0 GeV. The shower is required to be 
consistent with a photon shower in the CES (see above) by requiring x:,x$ 5 4. 
The direction of the photon is calculated from the position in the strip chamber and 
the event vertex as determined by the VTPC; the energy is tower EM energy. In 
order to reduce the combinatoric background from J/$ decays from B mesons and 
to further the approximation that the energy of the photon is the sole contribution 
to the energy in the tower, we define an isolation variable using 

. CP~ of tracks (with pt > 1.0 GeV) in a 30” cone, and 

. c E G C EHAD + EEM (with E > 1.0 GeV) in a 5 x 5 matrix of towers 
about the photon direction 

excluding the muons from the sums. The sum Cpt + C E 5 2.5 GeV gives a 
background rejection of 70% with an efficiency of 80% using the ISAJET Monte 
Carlo and full CDF detector simulation. 

After this cut, the mass difference m(p+ic-y) - m(p+p) is shown for the signal 
and side-band regions in figure 13, and a fit to the data using a gaussian signal 
over a background parameterized by 

&iii. [a + b Am + c . (Am)‘]. 

The fit yields 48 f 15 events in the signal region centered at Am = 432 f 13 MeV. 
The width is measured to be 74 f 24 MeV. Calculations using the ISAJET Monte 
Carlo and full CDF sirnulation indicate that roughly 50% more J/$ come from x1 
than from ~2. Using the values mx, = 3.510 GeV, mXt = 3.556 GeV, m+ = 3.0969 
GeV, and the production fraction c( xl) = 1.5. u( ~2) we expect the mass difference 
to peak at 431 McV, in good agreement with the data. 

This analysis is still in progress, however it should yield a good measurement of 
the fraction of J/G decays from ~1.2 as a function of pt, and thus a b& cross-section. 
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5.3.4. Ezclusive Decays B -+ $K+ and B + $I(*’ 
To look for exclusive decays of 13 mesons to J/$ we use the entire 4.lpb-’ 

dataset. Figure 14 shows a plot of J/q5 candidates (where there are N 2800 candi- 
dates over a background of N 10%) and figure 15 shows a blowup of the distribution 
about the J/$ mass, fit to a gaussian. The mean of figure 15 is consist,ent with the 
mass of the J/ll, to very high accuracy. 

For exclusive decays, all dimuon pairs with rn(/r+p-) in the signal region [de- 
fined by ]rn(hi+p-) - n+] < 50 MeV] refit with a mass constraint to m+ = 3096.9 
MeV [the side-band regions are defined by 2.7 < m(/i+p-) 5 3.0 and 3.2 < 
rn(/r+ll-) 5 3.51. Charged tracks which are consistent with coming from the same 
event vertex in 2 as measured by the VTPC are then refit with a vertex constraint, 
to t,hat vertex. To reduce combinnt,orics, the following cuts are applied: 

a Only tracks within a cone of G O ” (AR N 1) about the J/G direction are 
used. This cut favors the high pi B-mesons (relative to othrr sources of J/$ 
production). 

l The invariant mass of each J/d) candidate and pairs of opposit,ely charged 
tracks (m( J/$m+r-)) are required t,o be more than 15 MeV away from the 
J/p!! mass (see figure 16). Only tracks within a cone of 40” about t,he J/G 
are considered, and no momentum cuts are applied to t,hese tracks. 

All charged tracks with p > 3 GeV are assigned the Ii- mass, and the invariant 
mass of these tracks and the J/$ ( mass constrained) candidates is shown in figure 
17. An excess of N 20 f 6 events at t,he B mass indicatrs the exclusivr decay B* + 
T+GI<*. Figure 18 shows t,he same invariant mass distribution for J/$ candidatrs in 
the above defined side-band regions. No excess appears at the B mass in this 
distribution. 

In order to reduce the combinatorics in t,he search for B” --t $I<*O where 
Ii*0 -+ li+a-, only t,hc three highest tracks in momentum are considered. Figure 
19 shows the invariant mass of the 3 pairs of tracks where one is assigned the 
charged kaon mass. The natural width of t,he K*O is 11 50 McV. We therefore 
only consider pairs of tracks within f50 Mev of the Ii” mass, and form the 
invariant mass of the J/G candidate with these tracks. Figure 20 shows an rxcrss 
of E 15 f 6 events at thr B mass. Figure 21 shows the invariant mass using the 
.I/$ candidates in the side-band regions, and figure 22 shows thr invariant mnss 
using the J/G candidatrs in the signal region and hkr-sign Iia pairs in the Ii” 
mass region. No excess at the B mass is seen in either of t,hcse t,wo dist,ributions. 

Figure 23 shows the combinat,ion of the invariant mass distribut,ions from fig- 
ures 17 and 20 indicat,ing an excess of N 35 f 9 evcnt,s at the B,,,d mass. 

CDF PRELIMINARY 

CDF PRELIMINARY 

Figure 13. Distribution of m(r+r-7) - m(p+p-) 
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5.3.4. Ezclusiue Decays B --t $K+ and B + $K*O 
To look for exclusive decays of B mesons to J/q we use the entire 4.lpb-’ 

dataset. Figure 14 shows a plot of J/$ candidates (where there are N 2800 candi- 
dates over a background of 1: 10%) and figure 15 shows a blowup of the distribution 
about the J/$ mass, fit to a gaussian. The mean of figure 15 is consistent with the 
mass of the J/+ to very high accuracy. 

For exclusive decays, all dimuon pairs with m(p+p-) in the signal region [de- 
fined by ]m(#p-) - me] < 50 MeV] refit with a mass constraint to m+ = 3096.9 
MeV [the side-band regions are defined by 2.7 < m(p+p-) 5 3.0 and 3.2 < 
m(p+p-) 5 3.51. Charged tracks which are consistent with coming from the same 
event vertex in z as measured by the VTPC are then refit with a vertex constraint 
to that vertex. To reduce combinatorics, the following cuts are applied: 

l Only tracks within a cone of 60” (AR N 1) about the J/4 direction are 
used. This cut favors the high pt B-mesons (relative to other sources of J/g 
production). 

. The invariant mass of each J/$ candidate and pairs of oppositely charged 
tracks (m( J/@r+r-)) are required to be more than 15 MeV away from the 
J/q’ mass (see figure 16). Only tracks within a cone of 40” about the J/I/J 
are considered, and no momentum cuts are applied to these tracks. 

All charged tracks with p > 3 GeV are assigned the K- mass, and the invariant 
mass of these tracks and the J/$ (mass constrained) candidates is shown in figure 
17. An excess of N 20f6 events at the B mass indicates the exclusive decay B* + 
$K*. Figure 18 shows the same invariant mass distribution for J/$J candidates in 
the above defined side-band regions. No excess appears at the B mass in this 
distribution. 

In order to reduce the combinatorics in the search for B” -+ +K*O where 
K’O + K+?r-, only the three highest tracks in momentum are considered. Figure 
19 shows the invariant mass of the 3 pairs of tracks where one is assigned the 
charged kaon mass. The natural width of the K*’ is N 50 MeV. We therefore 
only consider pairs of tracks within f50 Mev of the K*O mass, and form the 
invariant mass of the J/q candidate with these tracks. Figure 20 shows an excess 
of N 15 f 6 events at the B mass. Figure 21 shows the invariant mass using the 
J/G candidates in the side-band regions, and figure 22 shows the invariant mass 
using the J/v+!I candidates in the signal region and like-sign Krr pairs in the 1;” 
mass region. No excess at the B mass is seen in either of these two distributions. 

Figure 23 shows the combination of the invariant mass distributions from fig- 
ures 17 and 20 indicating an excess of 21 35 f 9 events at the Bu,d mass. 

Figure 14. Full 4.lpb-’ diluuan sample 
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Figure 17. J/eK* invariant masss for (m(p*p-) - m,( < 50 AfcV. 
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6. CP VIOLATION AT THE TEVATRON 

With the above promise for significant contributions by hadron colliders to 
B-physics, it might be worthwhile to consider whether the ultimate goal of a B 
physics program, namely CP violation measurements, can be achieved. Just what 
one is going to measure at the Tevatron in order to see CP violation is discussed 
below. 

. 

Figure 23. Combined J/$X*x3 and JltiK’ invariant mass distributions. 

6.1 Primer on CP Violation in the B sector 

In any quantum mechanical process which can occur through more than one 
amplitude, interference phenomena can result in CP non-conservation. In the 
standard model of weak interactions the W  boson interacts with mixtures of the 
quark mass eigenstates through the CKM matrix. The Hamiltonian for these 
interactions is given by 

where u, runs over u, c, t quarks and dj runs over d, s, b quarks, g is an overall real 
coupling, and “;j is the unitary CKM matrix. Under CP transformations, we have 

(CP)‘H(CP)-’ = -$I+‘; CZjr”(l - ys)uiL$j + SW: CBiy”(l - Ys)djvt; 

and we see that from comparing the above two equations, if V is real, then ‘H is 
CP invariant. Although it is possible to absorb some of the complex phases of V 
into the quark fields u and d, Kobayashi and Maskawa [9] have shown that if V 
is a matrix 3 x 3 or larger, then V can contain complex phases which cannot all 
be absorbed by the fields. The weak interaction is therefore in principle capable 
of CP non-invariance provided the CKM matrix has at least one complex phase. 
One way that CP violation is expected to manifest itself is in the asymmetry in 
the decay rates of the B” vs. 9 mesons to CP eigenstates (e.g., $K,) through the 
interference in the go/?? mixing amplitudes, or in plain english, r(B” --o -B -+ 
Xcp) # r(B” + B” -+ Xcp) where Xcp is some CP-eigenstate decay product of 
bot,h B” and 9. Another way to see this is to draw the lowest-order diagram for 
B” + i? mixing. If CP is violated, then T is violated (CPT is always conserved), 
the amplitudr is diffcrrnt according to the time direction, and therefore not equal 

-0 to the same diagram for B -+ Do. 
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We note that CP non-conservation can also come from final state interactions, 
but this will not be discussed here. In this paper, we will be referring to CP 
violation in the asymmetry in the decay of the neutral B mesons 130 and 00 to the 
CP eigenstate *KS. Of course there are other ways for CP violation to manifest 
itself in the B-sector. We refer you to among other references a paper by Bigi and 
Sanda [lo] and the recent BCD collaboration expression of interest (EOI) to the 
SSC laboratory which contains a comprehensive treatment of this subject. 

Assume that one is going to look for an asymmetry in the rate for B” + *KS 
using a lepton tag. The time evolution of the asymmetry (the difference divided 
by the sum) in the rates for B” VS. 8” to decay to $h;, is given by Bigi et al. [lo] 
(page 52, equation 2.13) and is: 

A(t,i, C = zt) cc sin[(t f i)6m] (1) 

where 1 and t are the proper times of the b and & systems respectively and 6m 
is the mass difference between the mass eigenstates (B1 and B2 analogous to the 
kaon sectors) and the f refers to the charge state (C) of the b6 

First, let’s look at CP violation at CESR at the Y(4S), where it is important to 
remember that e+e- + bb proceeds via a virtual photon (Jpc = I--). Therefore 
the b6 system is produced in a CP even (CP=+l) and C odd (C=-1) state, and 
equation 1 becomes 

A(t,f,C = -1) cx sin[(l -t)am] 

and the integral over both t and 5 from zero to infinity is equivaleut to integrating 
the difference r = t - f from --M to 00 over sin[&n]dr. This integral, being odd 
in T, vanishes. Since at the T(4S) the bb system is in an odd charge parity (C=l) 
state, we see that the asymmetry in the total rate vanishes, and therefore to see 
CP violation in lepton+$Z(, one has to actually measure the time asymmetry r. 
However, at the T(4S) the b and 6 quarks are produced almost at rest, and so CP 
violation via measurements of 7 are extremely difficult. In the C even case (C=+l) 
the integral does not vanish, CP violation can be manifested in the asymmetry, 
and it is therefore not necessary to measure the distribution in the proper times 
for the B” and B” decays. In this case a counting measurement is sufficient, and 
one can integrate equation (1) to get a total asymmetry in the rate: 

A = lY(BOi? + @.-J+) - I’(B’$ -+ $XJ-) 
r( B”2 --+ y&l+) + r( no?? -+ $KJ-) (2) 

where l* is from the lepton tag. 

6.2 CP Violation at the Tevatron 

At the Tevatron, the following characteristics are of note: 

+ The b6 can be produced in either C = +l or C = -1 states. Therefore 
one can simply measure an asymmetry in the rate (equation 2) as proposed 
above the T(4S) at CESR. 

l Unlike in the e+e- experiments at or slightly above the T(4S) where B” 
mesons are produced almost entirely along with a g”, at the Tevatron, one 
expects neutral B mesons to be produced along with some combination of 
B”, B’, B*, B,, and Bhrym. The asymmetry measurement is therefore 
the same as in equation 2 with no explicit requirement of having both B’s 
neutral: 

A= r(sB -+ qi-~+) - r(BD .+ +h',i-) 
r(BB + @i-J+)+ r(BB+ T+!xJ-) 

. The b& cross-section is huge. By “huge” we mean that relative to minimum 
bias, u(b&)/g(mbs) N l/1000. 

Of course the important question asks how much luminosity CDF needs to see 
CP violation using the $JK= events. To calculate this, we define 

a Nn to be the number of B + @KS observed in this year’s data. The search 
for B + $JK~(K~ -+ lr+rr-) is in progress, however we expect that there 
should be about l/3 as many of these events as $h’? (l/2 from ii,/K* and 
2/3 from Br(K, + ~+a-), or N G f 2 events. 

. Lc,, to be the luminosity for dimuon events (z 3/pb); 
a 191 to be the estimated increase in the dimuon rate (Z x8) due to the 

following changes: 

1. trigger electronics changes should realize a factor of N x3 improvement 
in the &muon trigger; 

2. with the muon extension we get an increase of z X2; 

3. with a lower trigger threshold on $ in subsequent runs (lowered from 
- 3 to N 2) WC can maybe get an additional factor of about 21 x4 in the 
number of Q -+ /L+P-. 

l Br~-l be the branching ratio of B to e or /L (- .l); 
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l EI to be the efficiency for the lepton which includes the acceptance and pi 
cuts 

* and calculate a detected cross-section for a tagged lepton (e/p) and a B -+ 
1/K, to be 

(where the “2” is for e’s and p’s). Plugging in the numbers we get 

as the estimated detected cross section. To calculate how much luminosit,y we need 
to see an N, effect in the asymmetry A (via equation 3) we use the fact that 

and set A/&iA = N,,. Combining with the above cross section we get: 

N Lcp = events = _ 1 N,(l -AZ) 1 
0tlK.P 35 A2 2L+(B --+ l*)c,(pb-‘). 

If we use A=.16 and N, = 3, and tag both e and n leptons with I+(B -+ I*) = .l 
we get 

O.O5fb-’ Lcp = ~ 
61 

for the luminosity needed as a function, of the lepton tagging efficiency. Note that 
the uncertainty in this number is quite large and is dominated by fluctuations in 
the presently observed number of B -+ QIC, events. It is conceivable that CDF will 
ultimately see N 3fb-’ of luminosity in its lifetime, which means that the lepton 
tagging efficiency will have to be a few percent or more. Estimates from previous 
studies indicate that the fraction of inclusive B’s with a lepton above pr = 7 GeV 
is about l/100. However, since the luminosity required is proportional to 1/A2, 
any dilution of the asymmetry would make such an experiment very difficult. This 
is discussed in the next section. 

6.3 Dilution of the CP-Violating Asymmetry 

The above asymmetry will be diluted due to various physics (and detector) 
effects: 

l The neutral B (B, and Bd) which decays semileptonically can mix, hence 
will anti-tag the flavor state of the B which decays to *KS 

a The CP state of the produced b& can be different from that of the final BB 
system. This can be the result of many different effects, for instance: 

- Either of the B mesons in the event can come from B’ -+ B-y decay. 
Events which had a single B’ will have an opposite C-parity for the BB 
relative to the producing bi; . Therefore, only events with C(bx ) odd and 
one B’ or C(b& ) even and either zero or two B’ will contribute to the 
asymmetry, since the integral over the proper t imes of the two mesons in 
the asymmetry (see equation 2) will vanish for odd C(BB)-parity states. 

- The BP can have relative angular momentum. 

- Final-state gluons can change the CP state - events with B + $K,g 
where the g hadronizes. 

a Background to the inclusive leptons used for tagging (fake leptons, leptons 
from charm, conversions, etc.) and from background *KS candidates. 

In order to take into account all of these effects, detailed calculations are war- 
ranted. However, looking at equation 4, we see that Lcp o( l/A2 for small A. Any 
dilution of A of order l/3 or larger will result in an increase in Lcp of an order 
of magnitude. W e  can therefore realistically conclude from this that CP violation 
at the Tevatron is probably at Ieast more than 1 order of1 magnitude away from 
reality. 

7. CONCLUSION 

The future of B-physics at the Tevatron looks very bright. A high statistics 
(N 300,000 inclusive leptons and > 100,000 II, + p+p-) sample of events for B- 
physics analysis using the CDF detector is a likely result of the coming (1991/92) 
run. The silicon vertex chamber will be installed, and with its N 10~ resolution, 
displaced vertices from b decay should be reconstructible. It should therefore be 
possible for the CDF collaboration to measure 

l With the inclusive lepton sample: 

- B, mass, lifetime, and fraction 

- Do (and perhaps B,) mixing 
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~ 66 total and differential (with respect to pt) cross section with the rela- 
tive contributions from flavor creation and gluon splitting amplitudes. 

l With the inclusive J/V/J sample exploiting in particular the exclusive states 
* B --a $I;+, t+a*“(A- *O --t I<-?r+), $~K?r+a-, and $l<s(h-s -t a+~-): 

~ The B* and B” lifetimes 

-- 66 total and differential (with respect to pt) cross section with the rela- 
tive contributions from flavor creation and gluon splitting amplitudes. 

The dilution of the CP-violating asymmetry (as above) is sensitive to all of 
these quantities -their being measured would help determine whether CP violation 
is in principle a reasonable goal for the future. 
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Abstract 

The application of standard particle physics techniques to cosmological 

and astrophysical questions has given rise to an exciting new area of physics 

research known as particle astrophysics. In the discussion which follows, I 

would like to summarize some of t,he key elements of this research area and 

indicatr to you some of the experimental directions in which we might see some 
progress as new experimental facilities are brought on line over the course of 

t,hc next several years. 

Introduction 

The current study of the origin of the universe has evolved into a picture 

which seems to be adequately explained by a theory that we call the Standard 
Big Bang Cosmology (SBBC). This theory is the astrophysics analog to the 

“Standard Model” of particle physics. SBBC has evolved ouer many years and 
has been fairly successful in explaining the universe as we see it today, but 
as in any theory, there are always inconsistencies to address and anomalies to 

discover. Further, as this theory has evolved back to the esrliest epochs, it has 

been merged with the “Stanclard Model” to produce a theory which eventually 
might become, “Theory of Everything” (TOE). One of tb goals of particle 
astrophysics research is to address both the experimental and theoretical ques- 

tions necessary t,o eventually arrive at such a TOE. I 

I would like to start off our discussion here by outlining several of the 
most significant features of our current pict.ure of the universe and then to 
raise a few of the remaining questions we have about this picture. Following 

the presentation of t,hese gcncral points, I will move to a discussion of thr 
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whereabouts and form of the missing matter apparently indicated by these 

data and how one might go about searching for this “Dark Matter” (DM). In 
searching for DM I will talk briefly about a specific new particle astrophysics 

observatory presently under construction at the Gran Sasso Laboratory in Italy 

called MACRO and how it may shed further light on several of the pending 
experiments. 

Basic Elements of Particle Astrophysics 

There are volumes of information which fall into this category, however, 
I will be selecting only a few of those points which I feel are particularly 

important to the discussion being developed here. 

First of all, the major experimental element in the picture of the universe 

as we know it today is the overall level of observed luminous matter. From a 

vast body of work performed by our astronomer colleagues, it is generally ac- 

cepted that we are able to account for only about 20 % of the matter necessary 
to provide for a closed universe. 111 Apriori, this might not appear to be too 

much of a problem, since who’s to say that our universe “should” be closed? 
However, I will be coming back to this point a bit later as I investigate some of 
the other elements of this SBBC picture. To further complicate things regard- 
ing masses and abundances, current theories of Big Bang cosmology coupled 

with the Standard Model seem to agree well with the elemental abundance 
observed in this luminous matter. I*1 When 

Q - Pobserved = ,2 
Pcrltlcal 

then 

H : ‘He : D+ 3He : ‘L, 
1 : a : 10-s : 10-s 

which is in fairly good agreement with the experimental situation. 

Another feature of our current picture of the universe is that it appears 

to be expanding uniformly. This expansion rate is called the Hubble constant 
or Hubble velocity and is defined as follows: 

(lpc = 3.09 x 10i6m) where R is the radial distance to a given object. The 
Hubble constant is generally accepted to have a value of lOOkm/sec/Mpc and 

this expansion rate is used by astronomers as a standard distance measure in 
astronomical observations. 

A third point in this picture is that a measure of the cosmic ray back- 
ground radiation remaining from the Big Bang is consistent with 3” black 

body radiation and is extremely isotropic with 

6T 
-jy < 10-4 

where 6T is the deviation from the black body temperature in a particular 

region of the sky from the average black body temperature. 13s41 

Lastly, it has been clearly demonstrated at this school and at many other 

conferences and work-shops over the past few years, that the Standard Model 
works extremely well in explaining phenomena up to energies of several hun- 

dreds of GeV for the strong, electromagnetic and weak interactions. Using 
these points as a base, we can now investigate the ramifications that naturally 

follow from these observations and see what predictions or inconsistencies they 

may infer. 

Problems with the SBBC , 

There are a few key questions which have arisen concerning the SBBC 
that have shed some new light on this theory. First of all, w,hy is our universe 

matter dominated? The SBBC produces equal amounts of matter and anti- 

matter during the early epochs and this symmetry must be broken through the 

intervening period following the Big Bang til the present. This problem was 
taken care of by adding baryon number violation, charge conj*ation symmetry 

violation and CP violation into the SBBC. 
The next question needing to be addressed is, “Why is the universe so 

homogeneous” (F < 10e4)? To handle this problem the concept of the “in- 
flationary universe” was introduced.Isl In this version of the SBBC during the 
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In summary, it appears that several problems with the SBBC can be ad- 

drcsscd at some level by the introduction of non-luminous, weakly interacting 
Dark Mattel into the universe. This matt,er, however, would then constitute a 

subst,antial amount of the universe, so the question remaining is where is this 
material hiding and how can we go about detecting its existence? 

early epochs, the universe fojmtl itself in a “false vacuum” with a large vacuum 

energy, 01, then in the subsequent transit,& to the “rral” vacuum, the radius 
of the universe expanded rapidly as 

R(t) - eat. 

If this expansion persists for any significant period of time, the result 
is an extremely “flat” and “isotropic” universe,l’l were R not very near one 

throughout this inflationary period, any deviations would have been greatly 
exaggerated in the process. [‘l 

This brings us to the hast major puzzle in this picture of the universe. 

After taking care of the isotropy question by introducing inflation, we now XC 

that another “natural” consequence of this theory is that thr relative mass 
density of the universe is identically equal to one 

R = l.OO.... 

However, if this is true, where is the rest of the mattcr/enrrgy, and how has it 

managed not to affect the observed elemental abundances? We might also ask 
is there any additional evidence to support the assertion that the universe is 
closed? Here there are two bits of experimental information which appear to 

support such an assertion. 

The first is found in the study of the velocities of stars in spiral galaxies. 
Here a curious effect is noted in the rotational velocity curves of stars as a 

function of their radial distance from the center of these galaxies. The velocities 
appear to flatten at large radiil’l instead of monotonically decreasing to zero 
as you reach the edges of these galaxies. Such an effect in rotational velocities 

could arise from the existence of additional undiscovered non-luminous matter 

that could act gravitationally on the luminous matter in these galaxies.lgl 

A second indication for additional matter arises in the SBBC discussions 
of how we ran develop the clustering of galaxies that we set today? Once 

agam our explanation of this effect mcludes the introduction of non-luminous 
gravitationally interacting matter in the universe to act as nucleation sites for 

thcsc structures. 

Dark Matter 

To account for this missing material needed for closure, we have postulated 
the existence of a. new type of matter, “Dark Matter”. The main character- 
istics of this material is that it is non-luminous neither emitting or absorbing 
electromagnetic radiation, it is gravitationally and weakly interacting and it is 

primarily non-baryonic (for if it were strongly interacting baryonic material, it 

would have altered the nuclear abundances discussed earlier). 

From the particle physics side of this study, there are several candidates 

which fit the rcquircments of DA4 quite nicely. 

Axions 

Axions have been predicted to solve the strong CP violation puzzle [“I and 

providing that their masses and abundance were right, could be a strong can- 
didate for Dark Matter. These light pseudoscalar particles have been searched 
for over a wide range of masses from 10’s of GeV to eV’s and as yet no di- 

rect evidence for their existence has been found. At present the mass range 
w 10m5eV seems to be the most likely region yet to be explored fully. 

Lightest Supersymmetric Particles 

Lightest Supersymmctric Particles (LSP) have been dredicted by many 
of the current Supersymmetric Theories. I’*1 These particles would be stable, 

weakly interacting neutral particles with masses in the range of 10’s - 100’s 

GeV. Once again, providing the combination of masses and abundances are 
correct, these particles could satisfy our DM requirements. Possible candidates 
for the LSP include t,he photino, sneutrino and higgsino. These objects would 
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mainly show themselves throiigh annihilation processes since they are stable 

against further decay. The end results of these annihilations would be pairs of 
high energy ~lcctrons/l,ositrolls or neutrino/antineutrinos which could then be 

observed with conventional particle detectors. 

Heavy Neutrinos 

Massive neutrinos have long been a possible candidate for the missing 

matter in the universe. Since there are many neutrinos left from the earlier 

epochs of the Big Bang, should they have a small but non-zero mass (of order 
10’s of eV), they could easily account for the Dark Matter we are looking 
for. Several on-going searches have been undertaken to measure the mass of 

the neutrino in nuclear /3 decays. The latest results from those very difficult 

experiments are lower limits on the p, mass of a few eV.l’31 This mass limit 
coupled with our knowledge of v abundances in the cosmic ray background 
start to remove the massive v from the realm of DM candidates, but I mention 

it here for completeness. 

Monopoles 

Lastly, an exotic beast arising from Grand Unified Theories, the magnetic 
monopole, could also satisfy our DM needs for closure. These particles arise 

during the cooling of the universe through the Grand Unification phase and 
have masses typical of the unification energy scale (- lOi GeV). There is 

much conjecture as to the expected abundances of these particles based on 

GUT theories, however, these objects are weakly interacting and stable, so 
they could be the source of the missing matter we are in search of. 

Summary 

Each of the above particles has been the subject of on-going searches for 

some time. Their existence and properties are key elements to our understand- 
ing of the physics of the Standard Model, and so have been sought after long 

before the concept of DM became fashionable. Be that as it may, those pre- 

vious scar&s now form the starting point for a whole new array of searches 

which couple strongly astrophysical and particle physics phenomena, opening 
up an entirely new realm of esperimcntnl physics. 

Common to all of these searches for exotic DM candidates is the need for 

large (area/volume), high precision and low background detectors. A detailed 

discussion of many of these techniques is presented in an excellent review paper 
by J.R. Primack, D. Seckel and B. Sadoulet. 1’1. These experimental require- 
ments have ushered in a new wave of large underground facilities designed to 

search for these and other exotic objects, and several of these detectors are due 

to be brought on line in the near future (M.4CR0, Superkamiokande, LVD, 
Grande etc). 

The MACRO Detector 

In the remainder of this presentation, I would like to take the opportunity 

to describe the work being carried out at the Gran Sass0 Laboratory by a group 
of U.S. and Italian scientists working one such experiment, MACRO. The list 
of institutions working in the MACRO collaboration appears in Reference 10; 

and the data that I will present in this section is being presented on behalf of 

this group. 

The MACRO (Monopole, Astrophysics and Cosmic Ray Observatory) de- 

tector is a large underground detector composed of streamer tube tracking 

chambers, scintillation counters, track etch detectors and passive absorber all 
aimed at studying monopoles, astrophysical sources of neutrinos and other ex- 
otic cosmic rays. MACRO is located in hall B of the Gran Sasso Laboratory, 

L’Aquila, Italy approximately 120km from Rome. The experimental hall is 
located 9G3m above sea level and is shielded by a rock overburden averaging 
3800 meters of water equivalent. 

The MACRO detector, shown in Figure l., is composed of nearly 500 
scintillation counters (containing 900 tons of scintillator), 1 0 er 15000n22 of 

streamer tube tracking chambers and over 1OOOm’ of track etch detector. These 

elements are arranged in six supermodulcs, each 9m high, and 12m x 12m 
horizontal area. The total detector fills a volume 9m x 72m x 12m. A detailed 
figure showing the distribution of these elements inside a supermodule is shown 
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FIGURE 1. Layout of the MACRO detector. Shown are the six double 

decker supermodules. At this time the bottom portions of these six modules 
have been fully constructed and supermodule one has been in operation for 

over a full year. Modules 2-6 are expected to be brought on-line later in 1991 
and the upper portion of the detector is scheduled for completion sometime 
late in 1992. 

in Figure 2. The detector has an overall acceptance for isotropic phenomena 
of 104m*sr. 

Within each supermodule are ten planes of streamer tube chambers, inter- 
spersed with low activity crushed rock absorber and surrounded by the liquid 
scintillation counter system. In the micldle of the absorber stack is located 

an additional plane of track etch detectors composed of CR39 and LEXAN to 
identify heavily ionizing components of the observed cosmic rays. The streamer 

chambers are readout both on the anode wires and a set of stereo angle cathode 

strips to provide space points for tracking. The chambers have a resolution of 
l.lcm in the wire view and 1.2cm in the strip view. With ten planes of tracking 
chambers, we achieve an angular resolution of O.lO; which is to be compared 
to the typical multiple scattering suffered by a high energy muon penetrating 
the rock overburden of 0.6”. 

The liquid scintillation counters are filled with a custom mixture of high 
purity mineral oil, pseudocumene, wave length shifters and anti- oxidents to 

produce high light yields with relatively long attenuation lengths. The typical 

response of one of our 12m x .75m x .25m counters to a minimum ionizing 
particle passing through its center is approximately 400 photoelectrons, with 
a typical light attenuation length of > 12m. The relative timings and am- 
plitudes of the fast pulses emitted from these counters are measured by a 
system of ADC’s and TDC’s. For the longer developing pulses characteristic 
of monopoles, we also record the wave forms of groups of four to eight tanks 

using wave form digitizers of both 20 and 100 Msamples/sec. 

The detector and its accompanying electronics has been designed to pro- 
duce a variety of triggers to initiate the readout of the c@ice. Both the 

streamer tube and scintillator systems have muon and slow monopole triggers, 
while the scintillation system also has additional triggers for, stellar collapse 

neutrino bursts and fast monopoles as well. The times of recorded events are 
determined by a rubidium-cesium clock accurate to lnscc. 1 

Based on the operation of the first supermodule of this detector for over 
one year, we have measured several performance specifications of the detector. 

We have an angular resolution from our tracking system of 0.1” and a time-of- 
flight resolution for 11’s through the scintillation counters of ot - 1.7nsec. In 
addition, after correcting for /L pathlength differences for cosmic rays traversing 
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the detector, WL’ observe an energy resolution in the scintillation couriter system 

of 

0.y = 0.3/a (E in n/rev). 

4 I 
ILIC’UID SCiNTlLLATOR -PHOTOMUL’~PL 53 ru?E 

-LlCUlD SCINTILLATOR 

-SIDE STREAMER TUBE 

-HORIZONTAL 
STREAMER TUBES 

-TRACK- ETCH 
DETECTOR 

S 

’ LIQUID SCINTILLATOR cPHOTOMULTlPLlER TUBE 
9 I 

FIGURE 2. The cross section detail of the bottom portion of a MACRO 

supermodule. The upper part of the module is planned to be a shell of scintil- 

lation counters and streamer tube tracking chambers surrounding a large open 
volume on top of the existing structure. This open region is planned to be 
used for the addition of future detectors (eg. transition radiation detectors, 
analyzing magnets,..). 

Since February of 19S9, we have recorded over 4700 hrs. of data with the 

bottom portion of supermodule one. These data were grouped in two runs 

(Feb.- May 19S9 and Nov. 19S9 May 1990) During these runs we have 

operated this module at over SO% live time efficiency and have recorded over 
5 x 10” cosmic ray muons passing through the detector. As the rest of the 
detector is completed and brought on line over the course of the next year or 
so, we anticipate that MACRO will be able to probe deeply into a number of- 

exciting research areas. 

The main thrusts of the MACRO program are: 

. sensitive search for magnetic monopoles 

l neutrino astronomy 

. study of cosmic ray muons 

. searches for other exotic particles in cosmic rays 

(eg. weakly interacting massive particles (WIMPs,DM) 

Today’s discussion will focus on only the two of these elements that tie 

into our earlier discussions on DM candidates. First I will discuss MACRO’S 

ability to search for magnetic monopoles and indicate what this tells us about 
those beasts as DM candidates and then I will move over to a discussion of 

using MACRO to search for DM WIMPS. 

Magnetic Monopoles 

A primary goal of the MACRO experiment is to undertake a sensitive 

search for super heavy magnetic monopoles remnants of the Big Bang. These 
objects would be moving at relatively slow velocities (/? N 10e3) with respect to 
the earth and would be identified in our detector through our multiply redun- 
dant detector system. A monopole passing through MACRO would produce a 

slowly developing set of pulses in the scintillation counters and streamer tube 
chambers being traversed (x lo3 longer in duration than the corresponding 
pulses produced by p’s) and they would leave ionization energy losses in each 
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of the detector elements characteristics of a heavy, slow-moving neutral particle 
with magnetic charge.l’4l 

In searching for magnetic monopoles there arc two indirect limits on their 
abundances which can be used as guide posts to gauge the sensitivity of our 
searches. The first of these is called the “Parker Limit”.l’51 The “Parker Limit” 

is an indirect limit, placed on isotropic, heavy monopole abundance based on the 
existence of intergalactic magnetic fields. The argument states that should the 

abundance of monopoles be larger than this limit, then these monopoles would 

gradually deplete the energy stored in these fields resulting in a magnetic field 
free region. By constructing a very simple model for replenishing the magnetic 
fields in the presence of these fluxing monopoles, we can infer a limit on their 
abundance. Arguments originally outlined by Parker l”l and later refined by 

Parker,Turner and Bogdan l’s1 yield a flux limit of 

d Parker 5 1.3 x 10-15cm-*sec-‘sr-’ 

in order for monopoles not to exhaust these magnetic field. 

The second limit on their abundance can be related directly to the ques- 
tion of the missing mass in the universe. We can ask what density of monopoles 

would be necessary to provide for the missing DM necessary to close the uni- 
verse. Using a monopole mass of 10r6GeV/cZ and assuming they are moving 
with velocities of 10w3c results in a flux limit for monopoles of 

6 Closure - 5 x lo-‘scm-2sec-‘sr-‘. 

The MACRO detector has been designed to be large enough to reach and 
surpass both of these limits in several years of running. As a result, it will be 

the first detector capable of pushing the limit for the monopole content of the 
missing DM to a level of a few percent of the critical density. 

Over the last two data taking runs we have carried out a monopole search 

using the scintillation counter systems in module one to investigate monopolcs 

from a fl of 2 x 10e4 to lo-‘. A monopole passing through the apparatus will 
have slowly developing pulses depending on the monopole velocity in each of 

two struck scintillation counters in the detector. Furthermore. the time interval 

between those successive hits will a.lso be correlated with the monopoles veloc- 
ity. Hence, in making a two face coincidence measurement of monopole fluxes, 
we are able to use the time development of signals and time-of-flight measure- 

ments to constrain our analysis. The efficiency as a function of p of our two 
triggering schemes based on the temporal development of the monopole signals 
in the scintillation detectors is shown in Figure 3. This figure shows our trig- 
ger sensitivity for detecting slow monopoles in the velocity range p < 5 x 10e3 
using a specially designed “leaky integrator” circuit to detect the slowly devel- 

oping monopole in a single scintillator counter, trigger one, and our sensitivity 
for triggering on faster monopoles in the range 1.5 x lo-* to 5 x 10e3 using 
a simple overlap coincidence between delayed signals from two faces of the 
detector, trigger two. 

During our first run we observed 394 type one triggers and 930 type two 

triggers for monopoles in 80 days of running. These events were then further 
analyzed and signals were required to be consistent with a monopole traversing 

the detector and striking two faces of the detector. From this analysis, we found 
no events in the trigger sample from either data taking run surviving. Hence, 

we are thus able to set an upper limit on the isotropic flux of the monopoles 
through our detector during these observational periods. For the 1989 data we 

set a limit of 

f$ < 4 x 10-‘4cm-2sec-‘3?--’ (9O%CL). 1 

In the subsequent 89-90 running we have accumulated another 3021 hours 
without any monopole candidates triggering our detector surviving our analy- 
sis. This yields a combined upper limit on monopole flux o# 

4 < 1.45 x 10-‘4cm-23ec-‘3r-’ (9O%CL)! 

These results are summarized in Figure 4. which disdlays the current 

“best limits” on searches for heavy monopoles from the various experiments 
along with the “Parker” bound. Also shown on this figure is the anticipated 
flux limit from the operation of the full MACRO detector after five years of 
operation. 
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FIGURE 3. Light output as a function of the relative velocity of FIGURE 4. Present upper limits on the flux of GJJT magnetic 
a monopole(/3 = V/C) for the two velocity ranges covered by the MACRO monopoles of unit Dirac charge versus monopole velocity(flM)). The various 
monopole trigger. The solid curves represent the 90% efficiency boundary for curves represent the current “best” values obtained by each of tfre above cited 
both trigger types. The points shown represent measurements of the efficiency detector techniques(gaseous detectors, induction detectors, scintillation detec- 
of type “one” triggers using a LED monopole pulse simulator. Also shown in tors and track etch detectors). Also shown are the results from MACRO for 
the figure are the expected light levels for the passage of a Dyon, monopole the running of the first supermodule as well as the expected sensitivity of the 
and l/5 e charged particle through a scintillation counter. completed experiment. 
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WIMPS has followctl closely to that originally out,lincd by A. Gould [“l for WIMP cap 

tllrr and annihilnt,ion from the sun and cart01 and has bcrn refined and tailored 
for ollr detector by G. Liu. [I81 In those calculations, we have incluclrd t,hr 
effect of t.he cnptllrc of these WIMPS by t,he various elrments making up the 
ea.rth’s core and their subsequent annihilations into a broad range of fermion- 
antifermion pairs (~7, bb, CT...). We then take the LUND montc carlo programs 
coupled with a charged current weak interaction simulator to then rvolve from 

WIMP-WIMP annihilation products to upward going muons in our drtector. 

The results of this simulation work is shown in Figure 5., where we show 
a rat<, of npwa.rd going muons for each of five different WIMP candidates 
modeled. For rach of these candidates, we have assumed that the number of 

WIMPS-antiWIMPs are nearly equal over the mass range of interest and that 
the \VlMP tlcnsity is sufficient to provide closure of the universe (local DM 
density of O.SGeV/cm”). 

In our first 80 days of operation we have observed a single upwa.rd going 
muon in t,hr detector. This is to be compared with the t,ota.l downward flux of 

muons for this period of 2 x 105. The event display for this upward going muon 
cv(mt is shown in Figure 6. Taking this single, event we can convert it into a 

flux mcasurcmcnt of upward going muons to compare with the predictions of 
the WIMP amlihilxtion fluxes dcscribcd above. In Figure 5. we have drawn a 

solitl horizont,al line corresponding t,o this upward going melon flux. In addition 
in t,his snmc figure, we show our expcctcd sensitivity for WIMPS after running 

the full MACRO detector for two years, assuming that we see no additional 
upward going muon candidates. From the current dat,a, we can ser that the 
MACRO detector can already be used to place limits on pome forms of DM 

candidates. Bn.sed on these calculations and measurements we can already rule 
out muon type snrutrinos and Dirac neutrinos above about 25Gev/c’ as major 
sources of DM. WC also see that <after several years of operation with the full 

tlctector, we will IX able to place similar limits on the highino contribution 

to t,hr DM qurstion, while a dcfinitivr study of the effects of photinos on the 
missing matter in the universe will require either longer running or a larger 

drtrctor. 

The MACRO detector is also sensitive to other forms of Dark Matter. ‘In 

particular as discussed earlier, any of these objects which can undergo annih- 

lation with an appropriat,e n.nti-WIMP, and produce high energy fermion pairs 
subsequently resulting in the emission of high cncrgy neutrinos could then bc 

detected with MACRO. In the work presented here we have studied the class 

of WIMPS (neutrinos, sneutrinos, photinos, higgsinos) which can random walk 
through the universe and collect gravit,ationally in the stars and planets. Once 
they have been captured, they n.re gravit,ationally bound until they annihilate 

on a suitable anti-particle. An equilibrium is eventually reached where the rate 
of annihilations equals the capture rate of these heavy WIMPS in these stars. 

In MACRO we have undertaken a search for upward going muon neutrinos 

coming from the annihilations of thcsc WIMPS either in the earth or sun. These 
neutrinos could interact wit,h the earth below producing a charged current 
neutrino interaction yielding an upward going 11 which could then be easily 

seen in the MACRO detector. 

Searching for evidence of WIMP annihilations in the sun and/or the earth 
presents two different sets of experimental challenges for the MACRO d&&or. 

Searches using the sun are aided by the sun’s large size, strong gravitational 

attraction ancl small effective source solid angle but arc undermined by the 

fact that we can only search during the night (upward going muons), that the 
mass of WIMPS of interest are large compared to the masses of the nuclear 
constituents of the sun and hence, more difficult to trap and lastly the source 
is far away so the rates arc reduced. Detection of WIMP annihilations from 
the earth on the other hand is aided by the close proximity of the source and 

detrrtor, the ability to search 24 hrs/day and the closer match between WIMP 
masses and the masses of a typical nuclear material making up the earth (10’s 

of GeV/c’). However, on the downside, this has to be balanced against. the 
earth’s weaker gravitational attraction, smaller target volume and relatively 

large source solid angle at the detector. 

At present we have focussed our at,tention on evaluating the rates of WIMP 

zmnihilations from the earth’s core. since the drtcctor has a much lnrgcr accrp 

tance for those events than it, does for those coming from t,hc sun. Our analysis 
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WIMP MASS 
(GeV) 

FIGURE 5. The predicted flux of upward going muons due to annihila- 
tions of various WIMPS near the center of the Earth. For these calculations, 

we have assumed that the density of these WIMPS is sufficient to provide 

pwr~p = pcrltic.l and the energy of the detected muons is greater than 2 
GeV. Also displayed is the measured upward going muon flux from the first 
data taking run of MACRO. 

MACRO m 422 oft751 
hard-trig 1. 2. 3. 4. 6.7. 22-5-89 23:25:28:89 

35 32.2 Front View 

FIGURE 6. MACRO’s first upward going muon event. The circles 

indicate the scintillation counters struck by the muon and the dots correspond 
to the streamer tube “hits” along its trajectory. The numbers shown are the 
relative times in nsec with an arbitrary offset of the pulses detected in the 
given scintillation counter. This particle has an upward velocity of p = 0.995. 
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Conclusions References 

In summary, we have seen that there are a number of very interest,iqg 

astrophysical, cosmological and particle physics questions awaiting study in 

thr realm of particle astrophysics. We have also seen that by bringing to bear 
astrophysics, cosmic ray and particle physics techniques and skills to build 
the next generation of large underground detectors, we arc able to address 
several exciting issues rrgarding the origin of the universe. It is: of course, 
our ultimate hope that such research coupled wit,h the work in particle physics 

and astrophysics independently will eventually lead us to an understanding of 
the secrets surrounding our universe and its origins and to a real “Theory of 

Everyt,hing”. 
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“Phenomenological Analysis” 
“Asymptotic Behavior and Short Distance 

Singularities” 

WEAK CURRENTS AND INTERACTIONS 

“Raw Notes of Lectures on Current Algebra 
and PCAC” 

S. Drell 

“Experimental Phenomenology” 

“Gauge-Theories of Weak and Electromagnetic 
interaction” 

M. Schwartz 
S. Wojcicki 
T. Appelquist 

“ifow to Transform Current Quarks to Constituent J. Primack 
Quarks and Try to Predict Hadron Decays” M. Kugler 

1974 THE STRONG INTERACTIONS 

“Diffractive Processes” 
“Amplitude Structure in Two- and 

Quasi-Two-Body Processes” 
“Resonances: Experimental Review” 
“Resonances: A  Quark View of Hadron Spectroscopy 

and Transitions” 
“Lectures on inclusive Hadronic Processes” 
“Large Moment,um Transfer Processes” 
“Hadron Dynamics” 

1975 DEEP HADRONIC STRUCTURE AND 
THE NEW PARTICLES 

“Leptons as a Probe of Hadronic Structure” 
“Lepton Scattering as a Probe of 

Hadron Structure” 
“iiigh pl Dynamics” 
“Hadronic Collision and Hadronic Structure 

(An Experimental Review)” 
“Thr Nrw Spectroscopy” 
“‘l’ht, Nrw Sprctroscopy (An Exprrimrntal Revirw)” 

J. D. Bjorken 
M. Per1 

F. J. Gilman 
Y. Frishman 

D.W.G.S. Leith 
M. Davier 

R.J. Cashmore 
F. J. Gilman 

D. Sivers 
R. Blankenbecler 
H.D.I. Abarbanel 

F. J. Gilman 
E. D. Bloom 

J. D. Bjorken 
M. Davier 

H. iiarnri 
G. ii. Trilling 

1973 1989 

1976 

1977 

1978 

1979 
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WEAK INTERACTIONS AT HIGH ENERGY AND 
THE PRODUCTION OF NEW PARTICLES 

“Weak interaction Theory and Neutral Currents” 
“Weak interactions at High Energy” 
“$ Spectroscopy” 
“A  New Lepton?” 
“Lectures on the New Particles” 
“New Particle Production” 

QUARK SPECTROSCOPY AND 
HADRON DYNAMICS 

“Quarks and Leptons” 
“Quark Confinement” 
“Hadron Spectroscopy” 
“Lectures on the Quark Model, Ordinary Mesons, 

Charmed Mesons, and Heavy Leptons” 
“Quarks and Particle Production” 

WEAK INTERACTIONS - PRESENT 
AND FUTURE 

“Accelerator Neutrino Experiments” 
“Weak interactions at High Energies” 
“Gauge Theories of the Weak interactions” 
“Weak Decays” 

QUANTUM CHROMODYNAMICS 

“Lepton Nucleon Scattering” 
“Massive Lepton Pair Production” 
“QCD Phenomenology of the Large Z+ Processes” 
“i’erturbative Quantum Chromodynamics” 
“Elements of Quantum Chromodynamics” 

I 

J. D. Bjorken 
S. G. Wojcicki 
G. J. Feldman 
G. J. Feldman 
J. D. Jackson 
D. Hitlin 

H. Harari 
S. D. Drell 
F. J. Gilman 
M. L. Per1 

K. C. Moffeit 

D. A. Perkins 
J. Ell is 
H. Quinn 
S.. Wojcicki 

W. G. Atwood 
R. Stroynowski 
R. Stroynowski 
S. J. Brodsky 
J. D. Bjorken 



1960 THE WEAK INTERACTIONS 

“Gauge Theories of Weak Interactions” 
“Neutrinos and Neutrino Interactions” 
“Weak Decays of Strange and Heavy Quarks” 
“From the Standard Model to Composite Quarks 

and Leptons” 
“Physics of Particle Detectors” 

M. J. Veltman 
F. J. Scihlli 
D. Hitlin 
H. Harari 

D. M. Ritson 
J. Jaros 

* J. Marx 
H. A. Gordon 
R. S. Gilmore 
W. B. Atwood 

19S3 DYNAMICS AND SPECTROSCOPY AT 
HIGH ENERGY 

“Jets iu QCD: A Theorist’s Perspective” 
“Jets in e+e- Annihilation” 
“Jet Production in High Energy Hadron Collisions” 
“Aspects of the Dynamics of Heavy-Quark Systems” 
“IIeavy Particle Spectroscopy and Dynamics B’s to Z’s” 
u . . And for Our Next Spectroscopy?” 
“Review of the Physics and Technology of Charged 

Particle Detectors” 
“A Review of the Physics and Technology of 

High-Energy Calorimeter Devices” 

19Sl THE STRONG INTERACTIONS 
1984 THE SIXTH QUARK 

“Quark-Antiquark Bound State Spectroscopy and QCD” 
“Meson Spectroscopy: Quark States and Glueballs” 
“Quantum Chromodynamics and Hadronic Interactions 

at Short Distances” 

E. D. Bloom 
M. S. Chanowitz 
S. J. Brodsky 

“Untangling Jets from Hadronic Final States” G. Fox 
“Heavy Flavor Production from Photons and Hadrons” C. A. Heusch 
“Design Constraints and Limitations in e+e- Storage Rings” J. LeDuff 
“Linear Colliders: A Preview” H. Wiedemann 

1982 PHYSICS AT VERY HIGH ENERGIES 

“Expectations for Old and New Physics at 
High Energy Colliders” 

R. N. Cahn 

“Beyond the Standard Model in Lepton Scattering 
and Beta Decay” 

M. Strovink 

“Grand Unification, Proton Decay, and 
Neutrino Oscillations” 

II. H. Williams 

“e+e- Interactions at Very High Energy: 
Searching Beyond the Standard Model” 

“The Gauge Hierachy Problem, Technicolor, 
Supersymmetry, and All That” 

J. Dorfan 

L. Susskind 

“Composite Models for Quarks and Leptons” 
“Electron-Proton Colliding Beams: 

The Physics Programme and the Machine” 

11. Harari 
B. H. Wiik 

S. Ellis 
R. Hollebeek 
R. F. Schwitters 
M. E. Peskin 
M. G. D. Gilchriese 
J. Ellis 
A. I-1. Walenta 

P. M. hlockett 

“The Last Hurrah for Quarkonium Physics: 
The Top System” 

E. Eichten 

“Developments in Solid State Vertex Detectors” 
“Experimental Methods of Heavy Quark Detection” 
“Production and Uses of Heavy Quarks” 
“Weak Interactions of Quarks and Leptons: 

Experimental Status” 

C. J. S. Damerell 
T. Himel 
G. L. Kane 
S. Wojcicki 

“The Experimental Method of Ring-Imaging T. Ekelijf 
Cherenkov (RICH) Counters” 

“Weak Interactions of Quarks and Leptons (Theory)” II. Harari 

PIEF-FEST 

“Pief” 
“Accelerator Physics” 
“High Energy Theory” 
“Science and Technology Policies for the 1980s” 
“Inclusive Lepton-IIadron Experiments” 
“Forty-Five Years of e+e- Annihilation Physics: 

1956 to 2001” 
“We Need More Piers” 

j S. Drell 
R. R. Wilson 
T. D. Lee 
‘F. Press 
,J. Steinberger 
B. Richter 

J. Wiesner 
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1985 SUPERSYMMETRY 

“Introduction to Supersymmetry” 
“Signatures of Supersymmetry in e+e- Collisions” 
“Properties of Supersymmetric Particles & Processes” 
“Supersymmetry: Experimental Signatures at 

Hadron Colliders” 
“Superworld/HyperworIds” 
“Very Iligh Energy Colliders” 
“Some Issues Involved in Designing a 1 TeV (c.m.) 

e* Linear Collider Using Conventional Technology” 
“Wake Field Accelerators” 
“Plasma Accelerators” 
“Collider Scaling and Cost Estimation” 

1986 PROBING THE STANDARD MODEL 

“Electroweak Interactions -Standard and Beyond” H. IJarari 
“CP and Other Experimental Probes of Electroweak Phenomena” B. Winstcin 
“Pertubative QCD: K-Factors” R. Field 
“Experimental Tests of Quantum Chromodynamics” J. Dorfan 
“Phenomenology of Heavy Quark Systems” F. Gilman 
“Heavy Quark Spectroscopy and Decay” R. Schindlcr 
“Some Aspects of Computing in High Energy Physics” P. Kunz 
“Data Acquisition for High Energy Physics Experiments” M. Brcidenbach 

1987 LOOKING BEYOND THE 2 

“Theory of e+e- Collisions at Very High Energy” 
“Prospects for Physics at e+e- Linear Colliders” 
“Physics with Polarized Electron Beams” 
“Electron-Proton Physics at HERA” 
“Hadron Colliders Beyond the 2’” 
“Physics at Hadron Colliders (Experimental View)” 
“The Dialogue Between Particle Physics and Cosmology” 
“Requirements for Detectors at SSC” 

J. Polchinski 
D. Burke 
R. M. Barn&t 
P. Darriulat 

M. E. Peskin 
B. Richter 
G. A. Loew 

P. B. Wilson 
R. D. Ru1.h & I’. Chen 
R. B. Palmer 

M. E. Peskin 
G. J. Feldman 
M. L. Swartz 
G. Wolf 
C. Quigg 
J. L. Siegrist 
B. Sadoulrt 
M.G.D. Gilrhrieset 

19% PROBING THE WEAK INTERACTION: 
CP VIOLATION AND RARE DECAYS 

“Results on b-Decay in e+e- Collisions, 
with Emphasis on CP Violation” 

“Precious Rarities-On Rare Decays of I(, D and B Mesons” 
“Superconducting Detectors for Monopoles and Weakly 

Interacting Particles” 
“Cosmic Relics from the Big Bang” 
“Double Beta Decay” 
“Nrutrino Masses and Mixings” 
“The Bottom Quark: A Jcey to ‘Beyond Standard’ Physics” 
“b-Physics in Fixed Target Experiments” 
“Experimental Searches for Rare Decays” 

1959 PHYSICS AT THE 100 GeV MASS SCALE 

“Heavy Quarks-Experimental” 
“The Theory of Heavy Flavour Production” 
“Precision Experiments in Electroweak Interactions (Experimental)” 
“Theory of Precision Electroweak Measurements” 
“Applications of QCD to Hadron-Hadron Collisions: Experimental” 
“Applications of QCD to Hadron-Hadron Collisions: Theoretical” 
“W+W- Interactions and the Search for the Higgs Boson” 
“Electroweak Symmetry Breaking: Higgs/Whatever” 
“Electron-Positron Storage Rings as Heavy Quark Factories” 
“Prospects for Next-Generation e+e- Linear Colliders” ’ 
“Current Prospects for Hadron Colliders” 
“Hadron Colliders Beyond the SSC” 

K. Berkelman 

I. Bigi 
B. Cabrrra 

L. Hall 
M. S. Witherell 
L. Wolfenst,ein 
II. J-Iarari’ 
J. Sandweiss’ 
A.J.S. Smith* 

R. Holleheek 
R.K. Ellis 
M. Swnrtz 
M. Peskin 
M.D. Shapiro 
I. Hinchcliffe 
M.E. Levi 
M.S. Chanowitz 
R.H. Siemann 
R.D. Ruth 
II. Edwards 
M. Tigner 

*Manuscript was not received in time for printing. 
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