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Abstract. We have studied 419 z pair events pro- 
duced in the reaction e + e ---,~+ z at a c.m. energy 
of 34.6 GeV. We measure the cross section and 
angular distribution, as well as the decay branching 
ratios. The production characteristics are consistent 
with the Standard Electroweak Model predictions of 
7 and Z ~ interference. The branching ratios are gen- 
erally consistent with the z decaying according to 
standard weak interaction principles, but we observe 
somewhat more decays resulting in single charged 
hadrons plus neutrals than are predicted by present 
theory. 

Introduction 

The study of pairs of z leptons produced in e + e-  
annihilation offers an opportunity to test many as- 
pects of elementary particle theory. Since leptons 
appear to have no internal structure to complicate 
theoretical calculations, many definite predictions 
concerning the annihilation channel production of 
z's and their subsequent decay are possible using the 
present understanding of weak and electromagnetic 
interactions. 

There is still considerable experimental uncer- 
tainty about the hadronic decay properties of the z. 
This is partly due to statistical limitations; however 
significant systematic effects are apparent, as indi- 
cated by an almost 4 standard deviation change 
between the 1982 and 1984 world averages for the 
branching ratio into 3 charged hadrons+neutra ls .  
Although theoretical understanding of z-decay to 
leptons and to states with an even number  of had- 
rons seems to be on firm ground, the decays to an 
odd number of hadrons, which are mediated by the 
axial vector current, are not so well understood. 

The Standard Model [1] of electroweak interac- 
tions predicts that e + e -  annihilation to z-pairs can 
proceed by exchange of a virtual ? or Z ~ Equation 
1 indicates the differential cross section predicted by 
the Standard Model, without radiative corrections. 

da 
s . ~ ( e  + e -  --*z + z - ) =  B(1 + cos2(O +) 

+ (8/3) A cos(O+)), (l) 

where A and B are coefficients which depend on the 
value of Ow, the electroweak mixing angle, and O + 
denotes the angle between the incoming e + and the 
outgoing z +. 

Assuming sin2(Ow)=0.228, the contribution of 
the Z ~ to the total cross section is only 0.3 ~o at EC.M. 
=34.6 GeV, an effect which is below the sensi- 
tivity of our measurements. Interference between the 
photon and Z ~ however, is expected to produce a 

measurable asymmetry in the angular distribution, 
as indicated by the cos(O +) term in (1), proportional  
to coefficient A. The value of A is negative and 
increases with the center of mass energy. At Ec.u. 
= 34.6 GeV the expectation is A = - 0.095. 

Many authors [2-4] have provided predictions 
for the z decay widths and branching ratios. The 
widths for the leptonic decays can be calculated 
from basic principles of the weak interaction. Calcu- 
lating the widths for hadronic decays is less straight- 
forward. The simplest decay, z--*vn, can be 
directly related to the process n ~ v# through lepton 
universality. Multi-hadron decays with an even num- 
ber of pions can be related to the isovector part  of 
e+e - annihilation into pions through the CVC hy- 
pothesis. The decays resulting in an odd number of 
pions can be less reliably estimated using PCAC and 
Weinberg sum rules. The z can also decay into 
strange particles. These decay widths are calculated 
in the same manner as the non-strange decays, but 
assuming Cabibbo suppression. 

Experimental Apparatus 

The data analyzed here were taken with the P L U T O  
detector at the P E T R A  e+e  storage ring at an 
average c.m. energy of 34.6 GeV. The integrated lu- 
minosity was (42.3 +0.9) pb-1 ,  determined from lar- 
ge-angle Bhabha scattering events. 

The detector was equipped with 13 concentric 
c!dindrical proportional  chambers in a 1.65 Tesla 
magnetic field. The chambers were 0.94 m long and 
the outermost  chamber had a radius of 0.56 m. The 
track chambers were surrounded by lead scintillator 
shower counters. The barrel shower counter covered 
the angular region with lcos(O)l<0.58 and had a 
thickness of 8.6 radiation lengths. The two endcaps 
with 0.58<1cos(O)1<0.95 were covered by shower 
counters with thicknesses of 10.2 radiation lengths. 
Another set of lead scintillator shower counters 
(large angle taggers, or LAT's), which were 14.5 ra- 
diation lengths thick, covered the angular regions 
between 75 mrad and 260 mrad from the beam axis. 

Outside the shower counters was a muon de- 
tector consisting of an iron hadron absorber and 
two sets of chambers at approximately 5.3 and 7.6 
interaction lengths. In the angular region 
Icos(O)l<0.6 the inner and outer muon chambers 
covered respectively 67% and 90% of the solid 
angle. Further details of the P L U T O  detector can be 
found in [5]. 

Selection Criteria and Decay Identification 

The various channels available for the decay of each 
lead to many possible decay combinations in z- 
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pair  events. Each combina t ion  has a different ap- 

pearance  in the detector,  different types and levels of 
background,  and a different detect ion efficiency. 

N o t  all decay combina t ions  yield useful signal to 

background  ratios. We have therefore excluded the 
fol lowing configurat ions  f rom our analysis: 

1. both  z's decaying to muons  

2. both  z's decaying to electrons 

3. both  Fs decaying to single ~'s (or K's) 

4. both  z's decaying to three or  more  charged 
hadrons  

5. events where one z decays to a /~ and the 
other  to a single hadron.  

A p rominen t  feature of all remaining  decay com- 
binat ions is that  at least one of  the z's decays to a 

single charged particle. At  the center  of  mass energy 
used here the decay products  of each z are usually 

well separated in angle, and the single charged 

prong  will appear  as an isolated track. The basic 
event selection strategy, which uti l ized visual scan- 

ning only as a check on performance,  was therefore 
as follows : 

1. Select events with at least one isolated track. 
2. Assume that  each such event  is a z-pair  and 

a t tempt  to identify the probable  decay conf igurat ion 
of  each ~. 

3. Then  apply further selection criteria, which 
depend on the observed decay configurat ion,  to re- 
duce backgrounds.  

We now describe this p rocedure  in more  detail. 
The  first step in selecting events was to reconst ruct  

the tracks of  charged particles in the t racking cham- 

bers, and analyse the energy deposi ted in the shower 
counters.  

Tracks  were required to have m o m e n t a  in excess 
of  0.12 GeV/c,  to be inclined to the beam line such 

that  Icos(O)l<0.98,  and to ext rapola te  into a cylin- 
drical vertex region, centered at the in teract ion 
point,  of  radius 3 0 m m  and extending + 2 0 0 m m  

along the beam axis. Energy deposits  in the shower 
counters  of more  than 0 . 1 G e V  were either as- 

sociated with the passage of charged particles or 

a t t r ibuted to y's p roduced  at the in teract ion point.  
G a m m a s  which conver ted  before reaching the show- 

er counters  (~15~o)  were also identified by search- 
ing for t rack pairs of zero net charge whose t rajecto-  

ries were consistent with a convers ion  vertex in the 
wall of the beam pipe or  within the t racking cham- 

bers. Because of l imited resolution,  no a t tempt  was 
made  to reconstruct  rc~ f rom the measured  y's. 

The next step in event  selection was to require  
an " i so la t ed"  track as a candida te  for a s ingle-prong 

r-decay. Such an isolated track was required to be 
inclined to the beam line such that  Icos(O)l <0.6, to 

have a m o m e n t u m  of at least 1 .0GeV/c ,  to be at 

least 145 ~ from any other  track, and to have less 

than 0.12 GeV of shower energy in an annulus  be- 

tween 35 ~ and 145 ~ centered on the track. Ext ra  

shower  energy within 35 ~ of  the track was al lowed 

in order  to retain decays with one charged prong 
accompan ied  by neutrals  as valid s ingle-prong can- 

didates. 

The  products  of each z-decay were then iden- 

tified as e, #, single hadron,  single charged hadron  

+neu t ra l s ,  hadron ic  mul t i -prong,  or unidentif ied 

Table 1. Decay identification criteria 

1. Electron 
z - - - ~ v ~ e v  e 

The shower energy and momentum of an iso- 
lated track were required to be equal within 
errors, and each to exceed 1.0 GeV. To reject 
charged hadrons accompanied by rc~ no 
more than 0.12 GeV of unassociated shower 
energy was allowed within a 35 ~ cone about 
the track. 

2. Muon 
"C ---~ V I.I V u 

A muon chamber hit was required within 
0.5m of the extrapolation of an isolated 
track. For tracks with momenta between 1.0 
and 3.0 GeV/c, the inner chambers were used, 
while for higher momenta the outer chambers 
were required. The track was also required to 
point into the solid angle actually covered by 
the relevant muon chambers. No more than 
1.0 GeV of shower energy could be associated 
with the track, and no more than 0.12 GeV of 
unassociated shower energy was allowed 
within a 35 ~ cone about the track. 

3. Hadron 
T ~ v ~ h  

A decay candidate was considered an un- 
accompanied ~ or K if it passed the same 
cuts as for the Muon category but failed to 
produce a muon chamber hit. 

4. Hadron 1 
r--*v~+ l h + 

+>_1~ ~ 

Excess shower energy or 7's in the vicinity of 
an isolated track were considered as evidence 
for accompanying ~~ If there was either 
more than 0.5 GeV of unassociated shower 
energy within 35 ~ of an isolated track, or if 
there was more than 1.0GeV of associated 
shower energy but the track had failed to be 
identified as an electron because its momen- 
tum and shower energy were sufficiently dif- 
ferent, the decay was classified as Hadront. 

5 Hadron 3 
z ~ v ~ + 3 h  + 

+ >O~z ~ 

At least 2, and no more than 5 tracks were 
required in the the 35 ~ cone opposite an iso- 
lated track. Apparent multi-prong decays 
with more than 5 tracks were considered to 
be background, and caused rejection of the 
event. 

6. No ID 
~ --+ V~-~- 

1 prong 

All one-prong decays which were not identifi- 
able according to criteria 1-4 were neverthe- 
less retained for further analysis. In addition, 
all tracks with Icos(O)l >0.6 were classified as 
No ID 
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single-prong according to the criteria listed in Ta- 
ble 1. 

Backgrounds remaining in the z-pair candidates 
were then suppressed by applying requirements 
which in part depended on the observed decay con- 
figuration. All events were required to pass the crite- 
ria listed in Table 2. Events with less than 4 tracks 
were found to contain higher levels of background 
and were subjected to the additional criteria listed in 
Table 3. These included all one-prong against one- 

Table 2. Genera l  b a c k g r o u n d  suppress ion  cr i ter ia  

1. Total shower energy: To suppress  Bhabhas ,  the to ta l  shower  

energy in the barre l  and  endcaps  was requi red  to be less than  
1.4- Ebeam. 

2. Anti-Tagging: To suppress  77 events  no ind iv idua l  shower  en- 
ergy deposi t  in the L A T  wi th  more  than  0.2. Ebear n was al- 
lowed. 

3. Timing: The t imes at  which t racks  reached the barre l  and  
endcap  shower  counters  were used to identify and  reject  cos- 
mic  ray events. 

4. Residual e+ e background in events with Hadron3-decays: 
Events  wi th  4 or more  t racks  were found to be a lmos t  free of 
b a c k g r o u n d  at this  point.  Al l  such events  were accepted  with-  
out  fur ther  e x a m i n a t i o n  unless bo th  the i so la ted  t rack  and  an 
oppos i te  t rack  were ident if ied as electrons,  each  wi th  more  
than  30 % of the b e a m  energy. 

Table 3. B a c k g r o u n d  suppress ion  cr i ter ia  for events  wi th  less than  
4 t racks  

1. Further measures against e+ e backgrounds: Events  were re- 
jec ted if every t rack  had  over  2 GeV of assoc ia ted  shower  
energy and  the to ta l  shower  energy  of the event  exceeded 

E b e a m  �9 

2. Special measures against #+ # -  backgrounds: At  least  one iso- 
la ted  t rack  was d e m a n d e d  which ei ther  had  more  than  1.0 GeV 
of assoc ia ted  shower  energy or more  than  0.5 GeV of un- 
assoc ia ted  shower  energy wi th in  a 35 ~ cone a round  the track.  

3. Missing Mass:  Res idua l  Bhabhas  and  # pa i r  events  were sup- 
pressed by requ i r ing  a miss ing  mass  of more  than  Eb~am/2. The 
miss ing  mass  squared  is defined as 6 2 = ( 2 . E b e , m - E ) z - P  2, 
where E and P are respect ively  the to ta l  visible energy and 
m o m e n t u m  in the final state. 

4, Measures to suppress 2 photon processes: The to ta l  invar i an t  
mass  was required to exceed 3 GeV, and  the vector  sum of the 
t ransverse  m o m e n t a  seen in t racks  was required to be at  least  
8 %  of E b . . . .  except  in the case of a M u o n  when  on ly  3 %  of 
Eb~m was required.  

5. Acollinearity: Events  were rejected if any  t rack  was wi th in  3.3 ~ 
of be ing col l inear  wi th  a Muon .  This  suppressed  cosmic  ray 
#%. 

6. Acoplanarity: All  t racks  were requi red  to be more  t h a n  3.3 ~ 
ou t  of the p lane  formed by an i so la ted  t rack  and the b e a m  
axis. This  was pa r t i cu la r ly  effective aga ins t  rad ia t ive  Bhabhas  
and  77 processes. This  r equ i rement  was no t  m a d e  if the event  
con ta ined  a Muon ,  since in this  case l i t t le b a c k g r o u n d  re- 
ma ined  after the aco l l inear i ty  cut was made,  

prong events, and about half of all accepted hadron 
multi-prong decays, since often only two out of three 
tracks in multi-prong decays were succesfully recon- 
structed. 

After applying all criteria, a sample of 419 events 
was obtained. Monte Carlo simulations, described in 
the following section, indicate that this constitutes 
23% of all z pair events produced with 
Icos(O+)[ <0.6. 

Background Estimates and Acceptance 

Cosmic ray and beam-gas backgrounds were esti- 
mated from the number of otherwise acceptable 
events whose vertices lay on the beam line, but far 
from the interaction point. Candidate background 
events arising from annihilation and 2 photon pro- 
cesses were generated in a Monte Carlo program [6, 
7] and passed through a detailed simulation of the 
detector which included the effects of decays and 
interactions of the particles. The simulated events 
were then subjected to the z selection criteria. From 
the results a total of 28 background events are esti- 
mated to remain in the actual z sample. A summary 
is shown in Table 4. 

To estimate the efficiency of the detector and 
analysis chain for genuine z-pair events, a sample of 
such events was generated [7] and the decay simu- 
lated using the branching ratios listed in Table6. 
The resulting events were passed through the de- 
tector simulation and analysis chain. The accepted 
events were used to construct a four dimensional 
matrix, rni,j,k,~, which gives the number of type i 
decays found in events actually of type k opposite 

Table  4. S u m m a r y  of b a c k g r o u n d  es t imates  

Type of Expec ted  no. Source of es t imate  
b a c k g r o u n d  of events  

e + e  - , e + e  - 0.0_+1.6 Berends and  Kleiss  M.C. 
[7] 

< 3 visual  scann ing  (data) 

e + e ~ # +  # 6.8+-1.6 Berends and  Kleiss  M.C. 

[71 
e + e  ~ q ? /  5.5_+2.5 Hoyer  M.C. 

+ F e y n m a n - F i e l d  frag. [6] 

e + e -  ~ e + e e + e -  5.8 + 1.9 Vermase ren  M.C. [61 

e + e ~ e  + e -  #+ # 0.2+_0.2 Vermase ren  [6] 

e + e -  + e  + e qq 0.0+_2.0 Vermaseren  M.C. [6] 

e + e ~ e + e -  z + �9 7.6_+ 1.6 Vermaseren  M.C. [6] 

Beam-gas  + 2.0_+ 4.0 Z s ideband  (data) 
cosmic  rays 

To ta l  28 +_ 7 
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type l, but identified as type i opposite type j. A 
normalized matrix g~,j,k,Z was constructed from 
m~,j ,k ,  ~ by dividing each term by the total number of 
generated events. This matrix was utilized in the anal- 
ysis described in the following sections. 

To confirm the reliability of the Monte Carlo 
simulation, many distributions from real and simu- 
lated events were compared and good agreement 
was found. Some global comparisons are shown in 
Figs. 1-4. Figure 1 shows the momentum distribu- 
tion of isolated tracks. Figure 2 shows the acolli- 
nearity distribution of all accepted events, where the 
acollinearity is defined as the complement of the 
largest angle between any two tracks in the event. 
Figures 3 and 4 show respectively the distributions 
of total event transverse momentum and missing 
mass. 

The magnitude of systematic uncertainties in our 
results was estimated by varying the relevant event 
selection criteria and the assumptions used in the 
background and z-production Monte Carlo simu- 
lations. The principal uncertainties arise from the 
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Fig. 1. Momentum distribution of all isolated tracks fulfilling the 
selection criteria for z-decays 
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Fig. 2. Distribution of the acollinearity, t/,, defined as the comple- 
ment of the largest angle of separation between any two tracks in 
an event 
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Fig. 3. Distribution of event transverse momentum, defined as the 
vector sum of all track momenta, projected onto the plane per- 
pendicular to the beam axis 
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relatively poor quality of our shower detection and a 
lack of complete information concerning the charac- 
teristics of z multi-prong decays. Because we could 
not reconstruct ~~ reliably, our ability to constrain 
such variations using information obtained from the 
data itself was limited. Appreciable uncertainty also 
existed in the simulation of hadronic interactions in 
the shower counters. Perhaps for related reasons, we 
found that the z signal varied with the threshold of 
the extraneous shower energy cut in a way which 
was not perfectly explained by the Monte Carlo. In 
most cases, systematic effects were found to in- 
troduce uncertainties of about  10%, but in some 
cases the uncertainty approached 30 %. 

Branching Ratios 

To decouple the branching ratio measurements from 
one another as much as possible, each of the 6 • 6 
decay category combinations was considered as a 



separa te  process.  F o r  each combina t ion ,  de tec t ion  
efficiencies, b a c k g r o u n d  levels, and  crossover  from 
other  decay  combina t ions  were es t imated.  This  in- 
fo rma t ion  was then used in an unfolding p rocedure  
to de te rmine  the ac tua l  n u m b e r  of  decays in each 
ca tegory  which had  occurred,  regardless  of whether  
they were accepted  or  correc t ly  identified. 

W e  adop t ed  an  unfolding technique  based  on 
direct  sub t r ac t ion  of  b a c k g r o u n d  and misident i f ied 
decays,  ra ther  than  ma t r ix  inversion.  The p rocedure  
for events which did no t  conta in  an unident i f ied  
single p rong  is descr ibed  by (2), which yields N~, the 
true number  of decays of type i in terms of nl,j, the 
number  of  decays of type i observed  in events of 
type i oppos i te  type j. 

5 

Ni=t / i  ~ (1//~i,j) 
j 1 

�9 /it 1 i ,~-b~,j-~No," ~ ~i,j,~,t �9 (2) 
k = l  / = 1  
k ~ - i  

The b ranch ing  rat ios,  BR~, are then s imply 

5 

gu i  = N//Ntot, where Not= ~ Nj. (3) 
j - 1  

The de tec t ion  efficiency for the i , j ' th c o m b i n a t i o n  of 
decay  categories  where the i ' th decay is correc t ly  
identified,  is deno ted  by /~i,j. The  s u m m a t i o n  over  
the M o n t e  Car lo -de r ived  event  accep tance  and iden- 
t i f icat ion mat r ix  gi,j,k,~ subt rac ts  the es t imated  num-  
ber of decays  accepted  into the i , j ' th category  which 
were incorrec t ly  identif ied.  The  te rm b~,j corrects  for 
the b a c k g r o u n d  expected in each combina t ion .  

Some decay combina t ions  were no t  accepted  be- 
cause of high b a c k g r o u n d  levels, and  are therefore  
miss ing in the s u m m a t i o n  over  j .  The  factors  r h 
compensa t e  for these excluded combina t ions .  N~ot, 
the to ta l  number  of decays,  and  the t h were calculat-  
ed using the measu red  b ranch ing  ra t ios  in a rap id ly  
converging  i tera t ive  p rocedure .  The results  were 
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Table 6. Branching ratio results for z--, v~ X 

eve #%, lh + lh -+ 3h + 
07~ ~ >1~ ~ >0~ 0 

Without 0.131 0 .192  0 .131 0 .433 0.120 
No ID events _+0.020 • _+0.021 +0.021 +0.013 

Only 0.116 0 .279 0 .072  0 .315 0.194 
No ID events • +_0.12 • +_0.086 +_0.079 

Weighted 0.130 0 .194  0 .130  0 .427  0.122 
average(stat.) _+0.019 _+0.016 • _+0.020 • 

(syst.) _+0.029 +0.017 _+0.040 _+0.029 _+0.039 

Theoretical 0.175 0 .170  0 .114  0 .245 0.051 
prediction _+0.007 • _+0.004 • _+0.002 
(see text) 

1984 World 0.165 0 .185  0 .103 0 .378  0.170 
average [8] _+0.009 +0.011 _+0.012 +0.023 _+0.013 

Monte Carlo 0.170 0 .179 0 .082 0 .429 0.141 
values (input) 

found to be independen t  of the ini t ia l  values as- 
sumed for the b ranch ing  rat ios.  

Separa te  results  were s imi lar ly  ob t a ined  for the 
56 events con ta in ing  unident i f ied  single p rong  de- 
cays, and  these were ave raged  with the results f rom 
the rest  of the sample.  

I t  should  be no ted  that  the resul t ing b ranch ing  
ra t ios  are independen t  of assumpt ions  abou t  the to- 
tal  e + e - - - * z + z  cross section. The  es t imated  back-  
g round  and  crossover  in each decay ca tegory  are 
shown in Table  5, toge ther  with the observed  num-  
ber  of decays.  The  b ranch ing  rat io  results  are shown 
in Tab le  6. 

The  1984 W o r l d  Average  [8] gives an upper  
l imi t  of  1.4% for the b ranch ing  ra t io  of  r~5(rc-+)v~.  
A i h a r a  et al. [9]  give a l imit  of  0.3 ~o. Such decays  
were not  inc luded  in the M o n t e  Car lo  s imula t ion ,  
nor  were o ther  decays  of  the type:  ~ 5(rc)v~. There  
was one decay in the sample  c ompa t ib l e  wi th  a final 
state of  e i ther  5 charged  ~'s or  3 charged  7r's togeth-  
er wi th  7's tha t  conver ted  in the b e a m  pipe or  in the 
first few inner  t rack  de tec to r  chambers�9 Owing to 

Table 5. Sample, background, and crossover in each decay category 

Electron Muon Hadron Hadron 1 Hadron 3 No ID 

Sample 105 170 56 308 143 56 

Background - 9  -13 - 1  -16  - t 0  7 

Crossover -26  - 4  -10  -37  -18 - 

Data after background 70 153 45 255 115 49 
and crossover subtraction 

The numbers presented in each column are sums over the 6 possible decay configurations for the opposite decay in the event. When 
calculating the branching ratios and atot.~, each combination was used separately 
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the difficulty of reliably determining the detection 
efficiency for 5-prong decays and separating them 
from 3-prongs with pair conversions, the branching 
ratio for all final states with 3 or more charged 
hadrons is given, and no limit is placed on the rate 
of 5-prong production. 

We observe no significant discrepancy between 
our results and the present world averages. In par- 
ticular, our values for the topological branching ra- 
tios to one and three prongs, (B1=0.878+0.013 
_+0.039), and (B 3=0.122-t-0.013_+0.039), are in 
agreement with recent measurements [9]. Our re- 
sults are also in general accord with theoretical pre- 
dictions [2]. The theoretical branching ratios shown 
in Table6 are those of Gilman and Rhie [3], re- 
scaled to correspond to a total z-lifetime of 
2.79.10 13s. This scaling ensures that the leptonic 
branching ratio (e+g)  corresponds to the world av- 
erage value [8]. Only the reliably calculable decay 
channels e v, #v ,  ~, K, ~r~, 7zK, 4~, and 6~ are 
included, and are seen to contribute (75 +3 )% of all 
z-decays. The axial-vector current, coupling to states 
with an odd number of hadrons, can account within 
large uncertainties for the remaining 25 % of all de- 
cays [2, 4]. It has, however, been pointed out that 
these neglected axial vector decays should result in 
more multi-prong than single-prong states on the 
basis of isotopic spin arguments [3]. From the dif- 
ference between the measured and theoretical 
branching ratios in the last two columns of Table 6, 
our data indicate that the modes excluded from the 
calculation contribute (18.2 -+ 3.5) ~o of the total z 
branching fraction as single-prong decays accom- 
panying neutrals, but only (7.1_+4.1)% as multi- 
prong decays. According to these results, the proba- 
bility that multi-prongs actually constitute more than 
half of these decays is only 2 %, although we point 
out that the systematic component of our errors is 
large. Our results then lend weak support to the 
conclusion of [3] that discrepancies exist in our 
understanding of z-decay. 

Production Cross Section and Asymmetry 

We determined the total cross section for z-pair 
production by comparing the total number of de- 
cays, Ntot, which resulted from the branching fraction 
analysis, with a corresponding number derived from 
the complete Monte-Carlo simulation of z-produc- 
tion according to the Standard Model, incorporating 
weak interference and radiative corrections to order 
~3 [7]. We express our result as the ratio of the 
observed and the predicted cross sections 

atot~(measured) 
=0.89_+0.05 (stat.)+0.08 (syst.). 

atota 1(expected) 

'10.0 I I r I I [ ] I I [ [ J 

> s a  

15.0 ,, 

/,.0 

0i 1 
O0 l -L~oI 2 r P. r [ I r r 
-06 -0!4 - . O0 0.2 0 .4  06 

cos ( O +) 

Fig. 5. Invariant differential z production cross section, s.da/dfL 
corrected for radiative effects. The solid line is a fit to (1) with A 
and B as free parameters. The dashed line is a fit with A=0,  
corresponding to the angular dependence of the pure QED expec- 
tation. The error bars do not include an overall normalization 
error of _+ 9.4 % 

The cross section for r-production is thus seen to be 
consistent with the Standard Model. 

We then determined the invariant differential 
cross section, dot~dO, by correcting the raw cos(O +) 
distribution for background, radiative effects and de- 
tector efficiency, and normalizing the result to agree 
with our measurement of the total cross section. A 
fit to (1) with A and B as free parameters yielded 

A = - 0.059 _+ 0.068 (stat.)_ + o:o 2 s (syst.), 

with a ;g2 of 0.97 for four degrees of freedom. The 
invariant differential cross section and the result of 
the fit are shown in Fig. 5. The negative systematic 
error on the asymmetry is due to the possible pres- 
ence of Bhabha events with their inherent asym- 
metry of almost + 1.0. Although Monte-Carlo stud- 
ies indicate that there should be no background 
from this source, its importance led us to scan the 
sample visually for conceivable Bhabha candidates. 
Only three were found. Systematic errors due to a 
possible helical deformation of the inner detector 
have been found to be negligible [11]. Our mea- 
sured asymmetry is in agreement with the predic- 
tions of the Standard Theory, but is also consistent 
with zero. If the effects of the Z ~ are suppressed by 
setting A to zero, the fit remains good with a )~2 of 
1.4 for 5 degrees of freedom. 

Conclusions 

In conclusion, we have measured values for the 
branching ratios, total cross-section, and angular 
asymmetry in the production and decay of z-leptons 
produced in e + e-  annihilation at a c.m. energy of 
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34.6 G e V .  T h e s e  v a l u e s  a re  in  a g r e e m e n t  w i t h  p re s -  

e n t  w o r l d  a v e r a g e s  a n d  g e n e r a l l y  c o n f i r m  t h e o r e t i c a l  

e x p e c t a t i o n s  b a s e d  o n  t he  S t a n d a r d  M o d e l  of  elec-  

t r o w e a k  i n t e r a c t i o n s  a n d  t h e  i n t e r p r e t a t i o n  o f  t h e  z 

as a s e q u e n t i a l  h e a v y  l e p t o n .  O u r  r e s u l t s  for  t he  

t o p o l o g i c a l  b r a n c h i n g  r a t i o s  of  h a d r o n i c  z - d e c a y s  

s u p p o r t  r e c e n t  m e a s u r e m e n t s  [9] ,  a n d  s h o w  t h a t  t h e  

z d e c a y s  s o m e w h a t  m o r e  f r e q u e n t l y  to  a s ing le  

c h a r g e d  p a r t i c l e  + n e u t r a l s  t h a n  c a n  b e  e x p l a i n e d  ac-  

c o r d i n g  to  p r e s e n t  t h e o r e t i c a l  u n d e r s t a n d i n g .  
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