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Abstract. We present an analysis of electroweak lep- 
tonic couplings from high statistics experiments on 
Bhabha scattering and # pair production at an en- 
ergy of 34.5GeV. The forward-backward charge 
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asymmetry of the ff pairs was measured to be 
-0.098 _+0.023 +0.005. The data were found to agree 
well with the standard theory of electroweak in- 
teraction giving sin20w=0.27_+0.07. The leptonic 
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weak couplings were determined to be gv=0.000 
__+0.170 and gA = --0.481 _+0.055. The data were also 
used to investigate a class of composite models for 
leptons. 

In this paper we present a new analysis of the lep- 
tonic reactions 

e+ e - - - - , e +  e - (1) 

and 

e + e-  --+#+ # (2) 

at an average c.m. energy of W=34.5 GeV based on 
an integrated luminosity of 74.7 pb-1.  

With the high statistics available we performed 
tests of QED and studied electroweak interference 
effects. The most prominent observation is a signi- 
ficant charge asymmetry in the /~ pair production, 
which is in accordance with the Glashow-Weinberg- 
Salam (GWS) prediction [1]. From a combined fit 
to both reactions the electroweak coupling constants 
were determined. We also used the data to set limits 
on possible extensions of the standard theory. The 
data were compared with the neutral current pre- 
dictions given by the following lagrangian [-2]: 

4 G  v 
L~C = ] / 2  {(j(3)_ sin e Ow .jem)2 + C -j2m}. (3) 

Here G r is the Fermi constant, j(3) the third com- 
ponent of the weak isospin current, J~m the elec- 
tromagnetic current and 0 w the Weinberg angle. The 
parameter c is identically zero in SU(2)x U(1) mod- 
els such as that of GWS. Alternatives to the stan- 
dard theory [2, 3], e.g. models with extended gauge 
groups, supersymmetry or composite fermions and 
gauge bosons can lead to c >0. The strength of the 
weak interaction is expressed by dimensionless vec- 
tor and axial vector coupling constants g~r and g~ 
(l = e,/~), respectively: 

g v  ~--- 1 ~  ( I 3 L  + I3R + 2 sin 20w) (4) 

gA = ]ffi (I3L-- I3R). (5) 

I3L and I3R are the third components of the left- 
handed and right-handed weak isospins of the lep- 
tons and the parameter p is related to the number of 
Higgs particles. In the standard theory, which is 
strongly supported by neutrino and electron deu- 
teron scattering experiments [,4], by e+e  annihi- 
lation experiments at PETRA and PEP [,5-7], and 
by the recent discoveries of the W and Z bosons [-8, 
9], IL=�89 IR=0, p = l  and sinZ0w is the only free 

parameter. Of particular interest is a comparison of 
purely leptonic reactions from e § e-  lepton produc- 
tion and neutrino electron scattering experiments. 
The analysis of v e experiments [-4] has yielded 
sin e 0 w = 0 . 2 3 _ + 0 . 0 4  in the frame work of the GWS 
theory, or g~e= -0.030+0.077_ and gA--e _ --0.514 
_+0.058 in a 2 parameter model (the other solution 
allowed by v e scattering is excluded by data from 
e + e-  ~ l  + I experiments). 

The data were taken with the TASSO detector at 
the PETRA storage ring. The experiment, the trig- 
ger, the data taking and the analysis procedure 
were described previously [5, 6]. Results from part 
of the data (65 % of reaction (1) and 40 ~o of reaction 
(2)) were given in [-6] and [5], respectively. In this 
paper we use exactly the same methods as before 
and more details can be found in the above re- 
ferences and the appendix. It is worth noting that 
charge dependent angular asymmetries due to the 
trigger and the track reconstruction are estimated to 
be less than 0.1%. 

We first discuss the analysis of Bhabha scattering 
events, followed by the analysis of # pair production 
and then present a combined analysis of both re- 
actions. The weak parameters were investigated in 
the following ways: 

(i) determination of sin 20 w within the GWS 
theory, 

(ii) determination of g~ and g~ assuming M z 
= 95 GeV*, 

(iii) determination of the parameter c assuming 
sin 2 0 w = 0.23. 

Finally we investigate some tests of composite 
models. 

e +  e - - - ~ e +  e - 

Bhabha scattering is of particular interest since the 
initial and final states contain the same leptons and 
therefore the assumption of lepton universality is not 
required. However, large contributions from one 
photon t-channel exchange induce a large positive 
forward-backward charge asymmetry. The sensitivity 
to the observation of new phenomena beyond QED 
is enhanced in the backward hemisphere. 

The data sample contains 73801 Bhabha scatter- 
ing candidates within the polar angle acceptance of 
Icos0l<0.80. The extraction of Bhabha scattering 
events is based solely on event topologies. Electrons 
and positrons were not positively identified. The 

* F o r  the  Z m a s s  we use a va lue  cons i s t en t  wi th  the  m e a s u r e -  
m e n t s  of [9] .  T h e  resul ts  a re  n o t  sensi t ive to the exac t  va lue  of  

M z  
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Table  l .  Cross  sect ion of e + e - - , e + e  at  W = 3 4 . 5 G e V .  The  er- 
rors  include s ta t is t ica l  and  sys temat ic  uncer ta in t ies  apar t  f rom an 
overal l  no rma l i za t i on  of _+4.5 

( cos  O) s . de~dO a . . . .  /eQED 
(GeV 2. nb/s terad)  

0.775 1,332.70 __+ 16.14 1.004 -+ 0.012 
0.725 851.80 __+ 11.04 1.000 __+ 0.013 
0.675 583.60-+ 8.10 0.996__+0.014 
0.625 402.00-+ 6.52 0.949 __+0.015 
0.575 314.80-+ 5.58 0.989 _+0.018 
0.525 247.50-+ 4.78 1.004 _+ 0.019 
0.450 171.80-+ 2.95 0.977 -+0.017 
0.350 120.10-+ 2.31 1.004__+0.019 
0.250 87 .59+ 1.95 1.014-+0.023 
0.150 60.48-+ 1.58 0.923-+0.024 
0.050 49.67_+ 1.44 0.959-+0.028 
0.050 42.37-+ 1.31 1.000_+0.031 

- 0 . 1 5 0  35.47-+ 1.20 0.990-+0.034 
- 0 . 2 5 0  29.64-+ 1.10 0.952_+0.035 
- 0 . 3 5 0  27.06-+ 1.08 0.975-+0.039 
- 0 . 4 5 0  24.50-+ 1.03 0.968 -+0.041 
- 0 . 5 5 0  24.21-+ 1.04 1.028-+0.044 
- 0.650 23.48 _+ 1.05 1.053 -+0.047 

0.750 21.97-+ 1.15 1.022-+0.054 

nO 

O 
g 
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Fig. 1. The  differential  cross sect ion d iv ided  by the Q E D  expec- 
t a t ion  for the reac t ion  e + e  --,e+ e - .  The curve shows the fit to 
the da ta  of the G W S  theory wi th  sin 2 0w=0 .27  

and _+4.5 ~o for the luminosity measurement derived 
from small angle Bhabha scattering. 

Values of the differential cross section are listed 
in Table 1. In Fig. 1 we show the differential cross 
section as function of cos0 divided by the Q E D  
prediction based on the luminosity measurement. 
The data are in excellent agreement with QED (see 
Table2a).  Traditionally any departure from QED 
has been parametrized by inserting time-like and 
space-like form factors, 

s 
FT(S ) = 1-7 2 (6) s - A •  

t (7) 
Fs(t ) = 1 -T- t - A 2 ' 

s 
where s =  W 2 and t =  - ~  (1 -cos0) .  Lower limits on 

the cut off parameters A+ are given in Table 2a. 
Although there is no evidence for deviations 

from QED, e.g. through electro-weak interference 
effects, the precision of the data allows one to put 
limits on the values of the weak parameters. The 
results of fits to the different assumptions (i)-(iii) 
above are listed in Table2a.  Within the GWS theory 
we obtain sin20w =0.28+~176 .1~. This result is consis- 
tent with that obtained from neutrino electron scat- 
tering experiments. Note that in Bhabha scattering 
the values obtained for the electroweak couplings gv z 
and g~ are strongly correlated due to the t-channel 
exchange diagrams. 

T a b l e 2 a .  Resul ts  on Q E D  and  e lec t roweak  pa rame te r s  from the 
reac t ions  e + e -  ~ e  + e -  and  e + e -  -~/~+ kt- a t  an  average  energy 
W = 3 4 . 5 G e V .  Where  two errors  are  quoted ,  the first gives the 
stat is t ical ,  the second the sys temat ic  uncer ta inty .  Otherwise  the 
er ror  g iven includes bo th  uncer ta in t ies  

e + e -  ~ e  + e e + e ~ /~+/~  C o m b i n e d  
analys is  

a . . . .  / e Q E D  0.985 + 0.013 1.002 __+ 0.020 -- 

-+ 0.045 __+ 0.035 

AQED > 155 GeV > 222 GeV - + 

(95 70 lower  l imit)  

A Q E D  > 251 GeV - 

(95 ~ lower  l imit)  

sin2 0w 0 2 8  +0"10 0 .26+0 .10  
" - 0 . 1 4  

g2 - 0 . 15 -+0 .14  - 0 . 0 1 + 0 . 0 9  
g~ 0.01 -+0.16 0.27 -+0.06 

g v  - -  - -  

g A  - -  - -  

c - 0.010 - 0.002 
-+ 0.025 _+ 0.020 

< 0.032 < 0.029 < 0.013 

contributions from # pairs ( ~ 5 ~ )  and ~ pairs 
( ~  1 ~o) were subtracted on a statistical basis. The 
data were corrected for detector losses and QED 
radiative effects to order ct 3 for the photon exchange 
diagrams [10] by use of a Monte  Carlo program. 
Contributions from radiative corrections to Z ~ ex- 
change and higher order weak diagrams have not yet 
been calculated in a form applicable to experiments. 
They are expected to be small at PETRA energies. 
Systematic uncertainties in the acceptance as a func- 
tion of the polar angle 0 were less than 1 ~o and 
were added in quadrature to the statistical errors. 
For cross section determinations the systematic er- 
rors amounted to _+3.5 ~ for the overall corrections 

95 ~ upper  l imi t  
o n  c 

> 187 GeV 

0.27 _+ 0.07 

-0.034_-/-0.052 
0.220 -+ 0.054 
0 .000+0.170  

- 0 . 4 8 1  +0.055 

- 0.009 + 0.013 
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T a b l e 2 b .  C o m p a r i s o n  of e lec t roweak  pa rame te r s  from different exper iments  [7]. W h e r e  two errors  are quoted,  the first gives the 
s tat is t ical ,  the second the sys temat ic  uncer ta in ty .  Otherwise  the error  g iven includes  bo th  uncer ta in t ies  

Expe r imen t  W Au, g2 gv 2 sin 20w 

(GeV) 

C E L L O "  34.2 - 0.064 _+0.064 0.17 +0 .17  0.25 _+0.13 

J A D E  b 33.5 - 0.128 + 0.038 + 0.01 0.36 + 0.11 0.05 + 0.08 0 26 + 0.12 
. . . .  " - 0 . 1 4  

M A R K J  ~ 34.6 - 0 . 1 0 6  +_0.023 +0.01 0.28 -+ 0.06 -+0.03 0.01 -+0.05 _+0.06 0.24 -+ 0.11 
P L U T O  d 34.7 - 0.134 -+0.031 -+ 0.01 0.35 -+0.08 
M A C  d 29.0 - 0 . 0 7 9  -+0.018 _+0.003 0.31 -+0.08 0.03 -+0.16 - 

T A S S O  ~ 34.5 - 0.098 -+ 0.023 -+ 0.005 0.220 -+ 0.054 -0.034 -+ 0.052 0.27 -+ 0.07 

a Q E D  rad ia t ive  cor rec t ions  for # pairs  inc lude  only  7 exchange  d iagrams.  Values  for g~ f rom #+ # -  pa i r  da ta  and  for s in20w from e + e 

pa i r  d a t a  
b Q E D  radia t ive  cor rec t ions  for # pairs  inc lude  only  7 exchange  diagrams�9 Values  for g ]  and  gv 2 from #+ g -  pair  da ta  and  for sin 20 w 

from e + e -  pa i r  da t a  
Q E D  radia t ive  cor rec t ions  for # pairs  include 7 and  Z exchange d iagrams.  Values  for g~, and  g~ f rom #+ # -  pa i r  da t a  and  for sin 2 0 w 

f rom c o m b i n e d  e + e -  and  #+ # -  pa i r  da t a  
d Q E D  radia t ive  cor rec t ions  for # pai rs  include 7 and  Z exchange d i a g r a m s  

Q E D  radia t ive  cor rec t ions  for # pairs  include 7 and Z exchange d iagrams.  Values  for g ] ,  g2 and  sin 2 0 w f rom c o m b i n e d  e + e -  and  

#+ # -  pa i r  da ta  

e + e - ~ / ~  - 

T h e  data sample contains 2673/2 +/~- events. In the 
# pair analysis at least one track was required to be 
identified as a muon by the muon chambers or the 
liquid argon calorimeter [5]. Both identification 
methods gave the same results within statistics. The 
data were corrected for detector losses and higher 
order QED effects using the Monte Carlo program 
of Berendsetal .  [11]. The radiative corrections in- 
clude QED contributions to order ~3 for the photon 
and Z ~ exchange diagrams. For  the TASSO accep- 
tance these radiative effects introduce a positive for- 
ward-backward charge asymmetry of + 0.023. If only 
Q E D  diagrams (7 exchange) were considered the 
observed asymmetry would be altered by +0.016. 
Weak radiative corrections are expected to be 
smaller* and were not considered. The systematic 
uncertainty in the measurement contributing to the 
asymmetry value was estimated to be less than 
+0.5 ~o. It includes trigger and track reconstruction 
(_+0.1~o), background sources (_+0.1~o) and accep- 
tance calculations (_+0.4~o), but no uncertainty for 
radiative corrections. For cross section determi- 
nations the systematic errors are _+2.5 ~o from the 
overall detection efficiency and + 3 . 0 ~  from lumi- 
nosity measurement (using small angle and wide 
angle Bhabha scattering). 

The total cross section was used to test QED. 
Cut-off parameters were introduced through a time- 
like form factor given by (6). The results are given in 
Table 2a. 

* The  weak  correc t ions  to the a s y m m e t r y  were es t imated  by 
Wetze l  [12] to be +0.002,  while  D e c k e r e t a l .  [12] es t imate  
- 0.006 
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Fig.  2. a The  different ial  cross  sect ion for the reac t ion  e + e -  ~ #+ # . 

The  dashed  l ine shows the Q E D  expecta t ion ,  the full l ine shows 
the resul t  of the fit wi th  A , , = - 0 . 0 9 8 .  b The  differential  cross 
sect ion d iv ided  by  the Q E D  pred ic t ion  for the reac t ion  
e + e -  ~ # +  # - .  The  curve shows the fit to the da ta  of the G W S  
theory  wi th  sin 2 0 w = 0.27 

The differential cross section s.da/ds is shown in 
Fig. 2 and listed in Table 3. A clear forward-backward 
charge asymmetry is observed. Fitting the angular 
distribution to the form da/df2ocl + a . c o s  0 +cos20 
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Table3. Cross section of e+e --*#+/~- at W=34.5GeV. The 
errors include statistical and systematic uncertainties apart from 
an overall normalization of _+ 3.0 % 

<cos O )  s . d ~  /dF2 a . . . .  / a QEI~ 

(GeV z. nb/steard) 

0.70 7.05 __+0.43 0.911 _+0.061 
0.50 5.79 _+0.36 0.891 _+0.062 
0.30 5.43 __+0.30 0.958 _+0.055 
0.10 5.03 _+0.29 0.957 _+0.057 

-0 .10 5.46_+0.31 1.040_+0.057 
-0 .30  6.07_+0.32 1.071 _+0.054 
-0 .50  7.43 _+0.40 1.144_+0.055 
-0 .70 8.85 _+0.50 1.143 _+0.057 

yielded for the asymmetry extrapolated to the full 
polar angle acceptance* 

A,u = ~ a = - 0.098 4- 0.023 4- 0.005. 

To first order the asymmetry is related to the axial 
vector couplings through 

s 
A t e = - 2 . 7 '  4 e u 10 gA'gA I _ s / M  2" (8) 

In the standard theory, assuming M z = 9 5 G e V ,  one 
gets --u,A~ at W=34.5GeV.  From the 
asymmetry measurement we derived the product of 

e # the axial vector coupling constants gA.gA=0.26 
+0.06. Taking e -  _ gA----0.514+0.058 from the com- 
bined neutrino electron data the axial vector cou- 
pling of the muon can be extracted as g~ ,= -0 .51  
_+0.13. The axial vector couplings for both leptons 
are the same within errors as expected from e - / z  
universality. Using (5) with I L =  �89 and p = 1 one gets 
I3R=0.01_+0.13. These results are in very good 
agreement with the GWS theory, which predicts g~ = 
- � 8 9  and I~R=0. Within the GWS theory a one para- 
meter fit gives sin 2 0w=0.26_+0.10. Results of fits to 
determine the electroweak parameters are given in 
Table2a.  They are in good agreement with results 
obtained from other experiments (Table 2b). 

Combined Analysis of  e + e -  and #+ ~ -  Pairs 

Assuming lepton universality a combined analysis of 
e + e -  --*e + e and e + e -  -*F + # was performed. 
Since the two reactions have different sensitivities to 
the weak coupling constants, the combined analysis 
leads to improved results. 

* Compared to our previous publication [5] the measured 
asymmetry decreased by about 2 s.d. This change is consistent 
with statistical fluctuations; no change in the detector response 
has been observed 

9A 
1 I I ' i 

OB e* e- ' -  e*e-' g* Is- TASSO 
95~ c.I. contours 

0.6 

O.4 

O.2 

0 , , ,~' 

-02 v Y  

-Q4 

-Q6 

-0.8 

< 

D l I 

Vr 7 

) 

~ . 5  sin20w 

-1 -0.8 -(?.6 -04 -0.2 0 0.2 0.4 0.6 08 
9V 

Fig.& Results of a fit to gv and gA with 95% c.1. contours. The 
shaded areas show the two solutions from v e  experiments 

The results of fits to the different assumptions 
(i)-(iii) are summarized in Table2a .  The data are 
well described by the standard theory yielding a 
value of s in20w=0.27+0.07.  In Figs. 1 and 2b a fit 
to the differential cross sections is shown for sin 2 0 w 

=0.27. The determination of gv and gA leads to two 
solutions. They are displayed in the gv--gA plane of 
Fig. 3 together with the combined neutrino electron 
scattering data. Using the neutrino data to resolve 
the sign ambiguity we obtain gv=0.000+0.170 and 
gA = --0.481_+0.055. The agreement between our re- 
sults and the v e data is good although the squared 
momentum transfers differ by more than four or- 
ders of magnitude viz. QZ(ve)<O.1 GeV 2 and 
QZ(e+ e - ) > 1 0 3 G e V  2. For  the right-handed isospin 
assignment we find I3R=--0.019_+0.055, a value 
well compatible with zero. Taking I3R=0 and I3L = 
--1/2 we obtain p=0.93  _+0.22 from (5). 

These results are in excellent agreement with the 
GWS theory, which predicts gv = - 0 . 0 4  (for sin 2 0 w 

=0.23) and gA= 1 and assumes the leptons to be 
grouped in left-handed doublets (Ii =�89 and right- 
handed singlets (IR=0). Assuming the standard 
theory and sin 2 0w=0.23 an upper limit on the para- 
meter c was found to be c<0.013 (95 % c.1.). 

Our results are in good agreement with other 
e+e  - experiments. In Tab le2b  they are compared 
with recent measurements of electroweak para- 
meters. 

Test of Composite Models 

In many models the fundamental fermions are sup- 
posed to be composite structures. The authors of 
[13] have proposed a general parametrization of 
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substructures, which does not depend on a specific 
model. They assume the validity of the standard 
electroweak theory and add to its lagrangian a 
point-like interaction of the form 

2 

L e f t =  -F ~A2+ {t~LLJL.JL-FtlRRJR.JR'-'F 2tIRLJR.JL } . (9) 

The parameter A characterizes the mass scale of 
compositeness and is defined such that g2/4rc=l.  
The overall sign of the interaction is indicated by 
the subscripts 4- of the parameter A. JL and JR are 
left- and right-handed currents and the coefficients t/ 

take only values of either 0 or + 1 (e.g. ~LL ~---1, t/R R 
=~RL~-- -0  f o r  L L  coupling o r  ~ L L = t ~ R R = t / R L  = 1 f o r  

VV coupling). Interference with the standard pro- 
cesses (7 and Z ~ exchange) would result in de- 
viations in the angular distributions. In the case of 
Bhabha scattering the constituents are the same in 
the initial and final states. For ff pair production 
such an interaction requires e and # to have com- 
mon constituents, and is therefore less general. To 
analyse the data in terms of the lagrangian of (9) the 
effects of the electroweak interference were first di- 
vided out assuming the standard theory with sin 2 0 w 



M. Althoff et al.: Electroweak Couplings from e+e -*e+e and e+e - - -*#+#-  19 

Table4. Lower limits (95% c.l.) on A+ parameters in composite 
models for left-handed (L), right-handed (R), vector (V) and axial 
vector (A) couplings 

Coupling e+ e - - , e +  e e+ e - - ~ # +  # 

Event  Select ion Criteria 

The selection of two prong 
through the following cuts '  

events proceeded 

A+ A A+ A_ 

LL 0.70 TeV 1.94 TeV 2.13 TeV 2.65 TeV 
RR 0.70 TeV 1.94 TeV 2.11 TeV 2.62 TeV 
VV 1.86 TeV 2.91 TeV 3.43 TeV 4.37 TeV 
AA 1.95 TeV 2.28 TeV 3.05 TeV 3.40 TeV 

=0.23. In Figs. 4 and 5 we show the sensitivity of 
the Bhabha and # pair data to several values of A 
and different couplings of left-handed (L), right-hand- 
ed (R), vector (V) and axial vector (A) currents. 
Lower limits on the parameters A+ and A are 
given in Table4. They are of the order of I - 4 T e V  
and are typically an order of magnitude larger than 
those obtained in the conventional QED cut-off ana- 
lysis described above. Note, however, that the A 
values obtained are directly related to the assumed 
coupling strength g2/4rc. Note  also that at present 
energies LL and R R  couplings are indistinguishable. 

S u m m a r y  

In conclusion the analysis of the reactions 
e + e - - - * e + e  - and e+e  - -*#+#-  at a c.m. energy of 
34.5GeV has lead to improved results on the lep- 
tonic electroweak coupling constants. The results are 
in agreement with other e+e  experiments at 
PETRA and PEP [7] and with low energy neutrino 
electron scattering experiments [4]. They confirm 
the standard theory predictions and complement the 
W -+ and Z ~ discoveries [-8, 9] in fixing the leptonic 
couplings. Limits have been put on the mass scale 
for a certain class of composite models. 

e+ e - - , e +  e - e+ e - , # + # -  

a) Selection of 
two oppositely 
charged tracks 

b) Acollinearity angle 
c) Polar angle 
d) Momentum 

< 10 ~ 
Icos 01<0.80 

P>0.2Pbeam P>0.5pbeam 
2~ p > 0.7 Pbeam 

e) Vertex restriction 
2 beam Id0l <0.6 cm tdol <0.4cm 
II beam Izl<7.5 cm Izl <4.0cm 

f) Time of flight - 3.0 < t ..... - t pred < 2.0 ns 

For the Bhabha event analysis no electron identifi- 
cation was required. In this data sample background 
from two-photon processes e + e -  --*e + e -  1 + l -  and 
cosmic rays is negligible. The contribution from # 
pairs (5 % overall and 20 % in the backward hemi- 
sphere) and z pairs (1%) was subtracted bin by bin 
taking our measured angular asymmetry into ac- 
count. 

Events were classified as # pairs if at least one 
track 

(i) penetrated the iron absorber and had as- 
sociated hits in > 3 out of 4 muon chambers 
or (ii) deposited less than 1.5 GeV shower energy in 
a single cluster in the liquid argon calorimeter and 
no other close-by cluster was detected. 

The two identification methods were cross 
checked against each other. Backgrounds from 
e + e - - * e + e - # + #  - and e+e  --*e+e - were found 
to be negligible; the background from cosmic rays 
amounted to 0.3% while �9 pairs yielded a back- 
ground of 2.0 %. 
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Appendix 

In this section a short summary on the data analysis 
for the reactions e + e - ~ e  +e  and e +e - + # + # -  
will be given. More details can be found in [5, 6, 14, 
15]. Both analyses have many common aspects, 
therefore they will be described in parallel as; much 
as possible. 

Eff ic iencies  and Resolu t ions  

The trigger and reconstruction efficiency as well as 
the efficiency of the different detector components 
were checked with data taken concurrently with 
other independent triggers. The efficiencies were de- 
termined with a typical accuracy of _+ 1 7o and, most 
important,  did not show any polar angle dependence 
on the charge of the tracks. 

The following apparatus effects limiting the ac- 
curacy of the asymmetry measurement were consi- 
dered: 

(1) Asymmetries due to trigger and track re- 
construction were studied with mult ihadron events, 
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Fig.6. The normalized reciprocal momentum R=phe~m/p plotted 
for forward (Rv) and backward (RB) muons in the reaction 
e+e --+/~+#- at W-34.5GeV. The sign of R is the charge 
determined from the track curvature 

1000 
500 

t w o - p h o t o n  events e + e - - - * e  + e -  #+ # -  and  cosmic  
rays. Wi th in  our  stat ist ics no f o r w a r d - b a c k w a r d  
a s y m m e t r y  was observed  at  a level of  1 ~ .  

(2) Poo r  m o m e n t u m  measu remen t  or  a twist of 
the centra l  drift  chambe r  could  lead to a wrong 
charge  ass ignment  for bo th  t racks  s imul taneously .  
To cont ro l  this effect we s tudied  the cor re la t ions  of 
the charge weighted rec iproca l  m o m e n t a  of  forward  
versus b a c k w a r d  going muons  [5]. The d i s t r ibu t ion  
of 2690# pairs  shown in Fig. 6 conta ins  7 # + #  + and 
10# # pairs.  This leads to a charge confusion 
p robab i l i t y  of  (0.3 _+ 0.1) ~ per  t rack.  F r o m  the den- 
sity a r o u n d  the or igin the cor re la ted  charge  flip 
p robab i l i t y  was es t imated  to be less than  10 -5  . This 
implies  that  the curva ture  measu remen t s  of the two 
t racks  are independen t  from each other. These num- 
bers  are  also consis tent  with those der ived f rom the 
m o m e n t u m  reso lu t ion  ap/p=O.O16.pt (p in GeV/c).  

Acceptance Calculations 

The accep tance  funct ions used to correct  the mea-  
sured angu la r  d i s t r ibu t ions  were ca lcu la ted  by M o n -  
te Car lo  using the event genera tors  of Berends et 
al. [16]. Elec t rons  were s imula ted  with the EGS 
code  [17] and  good  agreement  with the da t a  was 
obta ined.  We es t imate  the overal l  uncer ta in ty  due to 
shower  cor rec t ions  in the b in - to -b in  po la r  angle  ac- 
ceptance  to be less than  1~o. M u o n  t racks  were 
p ro jec ted  into the m u o n  chambers  and  l iquid a rgon  

t / l  
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Fig.7. The observed acollinearity distribution for the reaction 
e + e---*#+ # . The histogram shows the QED prediction includ- 
ing radiative corrections up to order c~ 3 

ca lo r ime te r  t ak ing  all de tec to r  effects into account .  
The  accep tance  is a rap id ly  vary ing  funct ion in the 
po la r  angle  range 0 .5<1cos  01<0.8. Different  pro-  
cedures for ca lcula t ing the accep tance  were used;  
they p roduce  a m a x i m u m  change in the a s y m m e t r y  
of  + 0 . 4 ~ .  Higher  o rde r  Q E D  processes  induce 
angu la r  asymmet r ies  which are dependen t  on the 
exper imenta l  select ion criteria.  Rad ia t ive  cor rec t ions  
up to o rde r  ~3 were ca lcu la ted  as descr ibed  in the 
text  and  were found to agree well with the experi-  
menta l  data.  As an example  we show in Fig. 7 the # 
pa i r  aco l l inear i ty  d is t r ibut ion .  

Cross Section Formula 

The cross sect ions were eva lua ted  using the fo rmula  
of  [18] for the e lec t roweak  in te rac t ion  and  ex tended  
by the au thor s  of [13] for compos i t e  models .  F o r  
Bhabha  scat ter ing with unpo la r i zed  beams  the cross 
sect ion can be wr i t ten  in the fol lowing form 

do- 0~ 2 
d f 2 - 8 s  {4BI+B2(1-c~176 (A1) 

with 

_~ ~RL" t 2 
B l = \ t  ]{S~ 2 l + ( g ~ _ g 2 ) ~  ~ A  2 ' 

1 + "  2 2", _[_ qRL " SI 2 
B e =  [gv--gA) Z 

B 3 =  1 
+z)+VA  

+ ~ 2  , 

G v �9 M 2 s 

Z=21/2rco "s_  M2 + i M z  r ' 

= G r �9 M 2 t 

2 1 ~  t-m~z+iMz r 
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G v is the Fermi constant, M z and F the mass and 
width of the Z ~ boson. In the GWS theory the weak 
couplings are given by gv = _ 1  (l_4sin 20w ) and gA 
=-- �89  Extended models can be described by replac- 
ing g2 by g2+4c .  Composite models are tested by 
allowing some of the coefficients 77 to be unequal to 
zero and the mass scale A to be finite. F rom formula 
(A1) the cross section for # pair production can 
easily be derived by setting all terms with s/t to zero. 
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