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Abstract. The differential cross section of the re- 
action e + e---*e + e-  at a c.m. energy of 34.7 GeV 
has been measured. The result, together with our 
previously measured e + e----,# + # -  data, are com- 
pared with the standard model predictions. We ob- 
tain for the weak neutral current couplings the val- 
ues gZ=0.09x0.06, g~=0.38x0.08.  A fit of the 
Weinberg mixing angle gives the value sinZ0w 
_ + 0 . 0 3  + 0 , 0 8  -0 .13  o.02(la)_0.03(2a). The data are also used to 
set limits on possible deviations from the pointlike 
structure of leptons. An upper limit for the e § e-  
coupling to a heavy spin 0 boson is also given. 

Introduction 

Electron positron processes at high energies can be 
used to test the Glashow-Salam-Weinberg (GSW) 
standard model of electroweak interactions [1, 2]. 
One of the best known examples is the observation 
of the #-pair forward-backward asymmetry [3-12]. 
The weak contributions to Bhabha scattering and to 
#-pair production [13] are described by diagrams 
similar to those of QED, where the virtual photon is 
replaced by the intermediate neutral vector boson, 
the Z0. These contributions allow the weak neutral 
current couplings, g2 and g2, to be measured and 
resolve the ambiguity between the vector and the 
axial vector dominant solutions in the v - e  data 
[14]. 

The value of ga can be measured from the #-pair 
asymmetry which depends mainly on this axial cou- 
pling constant. Information on the vector coupling 
constant, gv, can be obtained in two ways. The first 
is the determination of the total #-pair cross section; 
however at the presently available e + e -  energies 
this is only weakly dependent on g~ and thus re- 
quires a precise measurement. The second method is 
the study of Bhabha scattering, but again elec- 
troweak effects are expected to be small ( < 4  %). To 
obtain the most restrictive values for the electroweak 
parameters and in particular a value for sin20w, 
both Bhabha scattering and #-pair data have to be 
used simultaneously. 

In as much as the data deviate from the standard 
model expectation they can be used to search for 
existence of composite or heavy leptons and pho- 
tons. In general, any deviation can be represented by 
time-like, Fr, or space-like, Fs, form factors parame- 
trized as follows [15], 

s t 
FT= 1 + ~ T -  F s = l +  2 (1) 

- - A T +  . - - A s +  - 

where s and t are the usual Mandelstam variables 
and At+- (As+_) are the QED time-(space-) like cut- 
off parameters to be determined by the experiment. 

More specifically, a deviation from the standard 
model could be explained in terms of composite 
leptons as discussed in [16]. In this approach the 
contribution to the cross section as determined from 
an effective Lagrangian can be checked experimen- 
tally. 

Recently, the possible existence of a spin 0 boson 
[17], X, has been discussed in connection with the 
apparent observation of Z0 radiative decays [18]. 
This X boson, which is predicted by various com- 
posite models, is expected to couple to lepton pairs 
and thus should influence the lepton pair production 
in e § e -  reactions in addition to the electroweak 
effects. Since the mass of this boson, if indeed it 
exists, is probably larger than our c.m. energy, its 
effect on the #-pair production is small. Due to the 
interference between the space-like and time-like di- 
agrams the influence of a spin 0 boson is enhanced 
in Bhabha scattering. 

In this paper we describe the results obtained 
from our analysis [4] of the reaction e + e----,e + e-  
at a c.m. energy of 34.7 GeV. These data, in con- 
junction with our previously published #-pair results 
at the same energy [3] and a subsequent improved 
analysis [4], are used to estimate the electroweak 
parameters and to search for deviations from the 
standard model [5]. 

Experimental Analysis 

The data were taken with the PLUTO detector at 
the PETRA storage ring with an e + e-  c.m. energy 
of 34.7 GeV. The PLUTO detector has been de- 
scribed elsewhere [19]. For  the large angle Bhabha 
scattering events, only the barrel and end cap show- 
er counters in conjunction with the inner track 
detector have been used. The track detector con- 
sisted of 13 cylindrical proportional chambers, each 
having copper coated cathode surfaces for reading 
the axial (z) coordinates. These chambers, together 
with the beam pipe, had a total thickness of 0.29 
radiation lengths, so that showering of the scattered 
electrons had to be taken into account in the analy- 
sis. 

The integrated luminosity was determined from 
small angle Bhabha events at polar angles 0 between 
6.8 ~ and 13.6 ~ using the forward spectrometer for 
track recognition and the respective shower counters 
for electron (e+.) identification. In this forward scat- 
tering region the contributions other than QED to 
the luminosity measurement are expected to be neg- 
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ligible. The forward track information enabled us to 
reduce systematic uncertainties due to measurement 
errors in the polar angle. The present analysis is 
based on a total integrated luminosity of 41.8 x 1.0 
pb -1, where the error is mainly due to systematic 
uncertainties [4]. 

The large angle Bhabha events were selected 
using mainly the shower counter information ac- 
cording to the following criteria: 

1. Two or three energy clusters were required in 
the shower counters, each one having an energy 
above one third of the beam energy. 

2. At least one such cluster had to be associated 
with a track, which was then assigned to be an 
outgoing electron track. In fact, most of the events 
had two clusters associated with tracks. In those few 
cases (0.02~o of the final sample) where all three 
clusters were associated with tracks, the two most 
energetic ones were taken to be electrons. 

3. Events for which the fit for one of the tracks 
failed due to showering (2.3 ~ of the final sample) 
were still accepted if they showed hits in the three 
innermost track chambers which were associated 
with a large cluster. The unobserved electron track 
direction was then derived from the shower cluster. 
The requirement of inner chamber hits was imposed 
to suppress e § e - - + 7 7  events in which one photon 
had converted. 

4. A remaining small fraction of multi-hadronic 
events was reduced by rejecting events with more 
than 5 tracks reconstructed to a common vertex in 
space, allowing at the same time for some elec- 
tromagnetic shower tracks due to Bhabha scattering. 

5. The acollinearity angle between the two elec- 
tron tracks was required to be less than 15 ~ . 

6. The polar angle 0, averaged over the two elec- 
tron tracks was restricted to [cos 0I <0.8. 

To determine the differential cross section from 
the final sample of 59,238 events, the following ef- 
fects had to be accounted for: 

1. Incorrect charge assignment which we esti- 
mated from the sample of events with two tracks of 
equal sign. The probabili ty for charge misassignment 
for one track was found to be ~5~o  for Icos0]<0.7 
and to increase very rapidly to 2 0 ~  as Icos01 ap- 
proaches 0.8. The uncertainty in this effect is includ- 
ed in the statistical errors and is found to be only 
significant at cos 0 ~ - 0.8. 

2. Residual background from the processes 
e+ e - ~ z T  (0.47 ~o), e+e  --~77 (0.33 ~), 
e + e -  ~ h a d r o n s  (0.05 ~o), and 7 7 ~ e  + e -  (0.05%). 

3. Event losses due to data reduction (0.24~), 
data selection (0.53 ~), tracking failures (0.01 ~)  and 
a small inefficiency in shower recognition in a limit- 
ed region of the endcaps (0.56 ~o). 
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Fig. l. Acollinearity distribution for the Bhabha scattering events 
(points) compared with generated data (histogram) 

4. Radiative corrections related to the selection 
criteria 1, 5 and 6. These were calculated by using 
the electroweak Monte Carlo generator of Berends 
and Kleiss [20] which considers QED corrections 
up to the third order. In this Monte Carlo simula- 
tion the track directions and the energy deposited in 
the shower counters were randomly distributed 
around the generated values to simulate the 
measurement errors. The radiative corrections were 
then calculated from the ratio of the cos0 distribu- 
tion of the Monte Carlo events and the lowest order 
electroweak distribution. These corrections were 
found to be less than 4 ~ .  

We have checked the Monte Carlo simulation 
against the observed distributions and found them 
to agree with the data [4]. In Fig. 1 this comparison 
is shown for the acollinearity angle distribution. We 
estimate that the uncertainty in the overall detection 
efficiency due to the limited cluster energy resolution 
is below 0 .8~.  Here it should be noted that the 
contribution of higher order QED diagrams has not 
so far been calculated but is estimated to be less 
than 0.5 ~o [21]. We have accounted for this contri- 
bution in the systematic error. An additional un- 
certainty of 0.5~o arises from the hadronic vacuum 
polarization contribution [21]. Adding all these un- 
certainties in quadrature yields an overall systematic 
error of 0 . 5 ~  to 2 ~  depending on the value of 
cos0. The contributions of the third order elec- 
troweak diagrams apart  from pure QED were ne- 
glected in the Monte Carlo program. These contri- 
butions were recently calculated analytically [-22] for 
an equivalent acollinearity angle cut (between 6 ~ and 
7 ~ ) which is harder than used here (15~ These cal- 
culated effects, when applied to our data, are found 
to be negligible in comparison with the statistical 
errors. Furthermore these third order contributions 
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Table 1. The differential cross section for Bhabha scattering. The 
quoted errors include also systematics apart from an overall nor- 
malization uncertainty of 2.6~o 

d~7 da da <cos,9) s.da/df2 (~)o~p/ da 
[GeV2'nb/str ' ]  (~)QED ~ ) ~ x p / ( ~ ) c s w  

-0.750 24.0,+ 3.1 1.116,+0.143 1.120,+0.143 
-0.650 22.8_ 1.2 1.019,+0.054 1.031,+0.055 
-0.550 22.9_+ 1.2 0.972,+0.050 0.990,+0.051 
-0.450 23.2_+ 1.2 0.918-+0.047 0.939_+0.048 
-0.350 30.4-+ 1.4 1.096-+0.050 1.125,+0.051 
-0.250 30.3,+ 1.3 0.971,+0.043 0.998,+0.044 
-0.150 34.8,+ 1.5 0.969,+0.041 0.996_+0.042 
-0.050 42.0_+ 1.6 0.989-+0.038 1.014-+0.039 

0.050 51.6-+ 1.8 0.994,+0.035 1.015_+0.036 
0.150 67.4,+ 2.1 1.024,+0.031 1.040,+0.032 
0.250 87.9,+ 2.3 1.011 ,+0.027 1.023_+0.027 
0.350 122.8_+ 2.8 1.018-+0.023 1.024_+0.023 
0.450 177.7-+ 3.5 1.000-+0.019 1.002,+0.020 
0.525 253.5,+ 5.6 1.025,+0.023 1.024,+0.023 
0.575 337.3,+ 6.7 1.055,+0.021 1.052,+0.021 
0.625 431.6,+ 7.7 1.013,+0.018 1.010,+0.018 
0.675 599.3,+ 9.5 1.015_+0.016 1.011,+0.016 
0.725 889.0,+13.0 1.033,+0.015 1.029,+0.014 
0.775 1,384.0,+18.0 1.028,+0.013 1.023_+0.013 
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Fig. 2a and b. Differential cross section for Bhabha scattering 
normalized to a lowest order QED expectation; b standard model 
prediction with mz=93 GeV, and sin20w=0.217. The curve in a 
shows the standard model prediction. The curves in b are the 
expected distributions for several values of the QED cut-off pa- 
rameters setting As+_=At_.. The curves above (below) the value 
1.0 represent values for A_ (A+) 

are expected to be even smaller for our softer acolli- 
nearity cut. 

The resulting differential cross section, s. da/df2, 
for Bhabha scattering is given in Table 1. In the 
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same table we also present the differential cross sec- 
tions normalized to the QED expectation and to the 
GSW model for a Zo mass of mz--93 GeV and 
sin 2 0w=0.217. These ratios are also shown in Fig. 2. 
The quoted errors are the statistical and systematic 
uncertainties added in quadrature. Not included is 
an overall normalization uncertainty due to the 
2.6 ~ error in the luminosity measurement. 

Comparison with Models 

General 

Assuming e - #  universality, the cross section for 
Bhabha scattering and #-pair production can be 
written in terms of the three Mandelstam variables 
s, t, u in the following general form, 

d O - 2 s  f l l A l [ 2  

+ �89 + IA412) (s)2+tAs[2}. (2) 

The parameter fi is equal to 1 for Bhabha scattering 
and 0 for #-pair production. For the standard mod- 
el, the expressions for A~ to A5 are given in the first 
column of Table 2. The table also contains ex- 
pressions for three proposed additional contributions 
to the amplitudes. Column 2 is the contribution of 
the time-like and space-like form factors given in (1), 
column 3 is the contribution of the composite model 
effective Lagrangian described below, and in col- 
umn 4 the contribution of a spin 0 boson is listed. 

The different models were studied by fitting their 
parameters to the data. To account for the lumi- 
nosity uncertainty we have allowed its value, Le, to 
vary slightly around its measured value, Leo. There- 
fore we have added the t e r m  (Le--Leo)2/A~ 2 to the 
X 2 function, where ALe is the uncertainty in Le. In 
those cases where the muon data have been included 
in the fit, the systematic uncertainty A 2f  in the ratio 
2f  between the total numbers of #-pair and Bhabha 
events had also to be taken into account. This was 
done by including an additional term ( S  
--~fO)2/z~/'2 in the Z 2 function, where Yo is the 
measured value. In all the fits Le and J (  were found 
to be consistent with the measured values within 
their uncertainties. 

The Standard Model (GSW) 

The contribution of the weak neutral currents to the 
Bhabha and g-pair cross sections can be most gener- 
ally described using the 5 parameters: g2, g2, 
sin 20w, mz and p. In the framework of clectrowcak 
theories, the coupling constants of charged leptons 
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fable 2. Expressions for the standard theory amplitudes A, to As used in (2). 
different hypotheses. All symbols are explained in the text 

The AA~ to AA5 are 

345 

additional terms suggested by three 

Standard model [13] Form factor Composite Spin 0 bosons [28] 
QED +Weak [15] models [16] 

A, 1 + (gZ _ g}) Z(t) AA t t~ A2 
A2 1 +(g~-g2~)Z(S ) AA2 s/A 2 
A3 1 + fi s/t + (g~ - g~)2 [Z(s) + fiZ(t)s/t] A A3 s/A~ + fls/A~ 
A 4 l+fis/ t+(gv+ga)2[Z(S)+flZ(t)s/ t]  AAr s /A2+fls /A~ 
A5 0 +0 AA5 0 

tlR L t/c~A~ ~F~ t~(s)/aS m~ 
~TRL S/eA 2 fi8F~s~(t)/c~tm~ 
(1 + B ) ~  s/~A~ 0 
(1 + fi)tlLL S/O~A ~ 0 
0 [fi(2- e)F~ + (1 -- fl)]/2 gF~Fuu ] 

- [~(s) + fl~(t)]/c~m~ 

to the weak neutral current, g~ and ga, are given by 
the following relation, 

g Z = ( - � 8 9  2 §  ga 2 = 1/4. (3) 

In the GSW model C is equal to 0, but in non- 
gauge theories [23] and models with extended gauge 
groups [24], supersymmetry [25] or compositeness 
[26], C is larger than 0. 

_ _  2 2 The parameter  p is defined as p = m w / ( m  z cos 20w), 
where the mass of the W boson, row, is related to the 
Fermi coupling constant Gv, namely, m~v 

= n c~/[]/2 G F sin 2 0 w �9 (1 - A r)]. Here A r = 0.0696 is 
the radiative correction to m w [27]. Thus p can be 
written in terms of m z and O w as, 

7C~ 

P = I f2  G~ m~ sin 20w cos 20w" (1 - A r)" (4) 

The GSW model predicts p to be 1, whereas in less 
restrictive models, such as Ref. 1, p is a free parame- 
ter. The Bhabha and #-pair cross section amplitudes 
are given in Table 2 in terms of g,, g~, and the 
function Z(s) given by 

pGF m~s  
Z(s) (5) 

2 1 / 2 n ~  s - m  2" 

In the fits to the data we chose to use as free 
parameters at most 2 out of the 5 electroweak vari- 
ables mentioned above. The other parameters were 
substituted either by their standard model values or 
by taking the values measured in other types of 
experiments, or by using the relations (3) and (4). 

In the first fit we used g~ and g2 as free parame- 
ters, setting p to the GSW prediction of 1, and mz to 
the averaged value of 93 GeV as measured in the i~p 
collider by the UA1 and UA2 experiments [18]. In 
this case, as can be seen from (5), Ow does not 
appear explicitly in the fit and in addition, at our 
energy, the dependence on m z  is very weak. Using 
our Bhabha scattering data we obtain from the fit, 
g2=0.09 • 0.12 and g~=0.39 x 0.20. Next we include 

in the fit also our #-pair data [3, 4] which reduces 
the errors significantly, yielding the values 

g2 = 0.09 x 0.06 g2 = 0.38 x 0.08 

with a )c2/nD=22.5/25. The values obtained for g~ 
and g2 are higher than the GSW expectation of 
0.0044 (taking sinZ0w=0.217) and 0.25 but still 
within two standard deviations. These values are 
given in Table 3 together with previously reported 
measurements. 

Figure 3 shows the 95 ~o c.1. contour of the over- 
all fit solution in the (g,, g~) plane. Also shown in 
the figure are the allowed regions (shaded areas) 
obtained from ve  elastic scattering [14]. Almost 
complete overlap is seen between our result and the 
ga-dominant solution of the ve  experiments. 

The vector coupling constant, gv, is restricted by 
our g2 result to the 9 5 ~  c.1. interval of 
- 0.45 < gv < 0.45. From (3), assuming C = 0, we then 
obtain the limits 0.02 < sin 20w < 0.48 (95 ~ c.1.). If we 
let C vary we obtain an upper limit for C of 0.050 
(95~  c.1.) by fixing s in;0w to its currently used 
value of 0.217 [27]. We note that by setting p to 1, 
sin 20w is determined only by the g~ value which is 
poorly evaluated from the differential cross sections. 
For  that reason the Weinberg angle, Ow, is only 
loosely constrained in this fitting method. 

To measure sin z0w directly it was chosen as a 
free parameter  together with the Z mass. To this end 
we use (3) with C = 0  and (5) where p was sub- 
stituted from (4). The results are given in Fig. 4a 
where the 6 8 ~  c.1. (solid line) and the 9 5 ~  c.1. 
(dashed line) contours are shown in the (mz,  sin 2 0w) 
plane. The outer contour is compatible with the p = 1 
curve (dash-dotted line). The minimum Z 2 value of 
22.5 with n o = 2 5  was obtained at the point sin 20w 
=0.13 and mz=93  GeV. Also shown in the figure is 
the combined tip measurement of m z  and sin20w. 
Taking the pp value of mz = 93 x 2 GeV, we obtain 

sin 2 _ +0.03 0.o8 Ow - 0.13_ 0 . 0 2  ( 1 0 - ) 2  0.03 (20-). 
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T a b l e  3. Summary of the electroweak parameters g~ and g], obtained from e + e--- , l  + l-  reactions 

Experiment Data used ] / s  [GeV] g2 g2 

PLUTO [4] # #  34.7 0.07 _+0.10" 0.38 +0.08" 
b ee 34.7 0.09 _+0.12 0.39 _+0.20 
b ee, ## 34.7 0.09 _+0.06 0.38 -+0.08 

JADE [6] ee, ## 34.4, 42.4 0.02 -+0.07 0.29 -+0.02 
TASSO [7] ee, #/~ 34.5 -0.034-+0.052 0.220-+0.054 
M A R K  J [8] ee, ##  34�9 39.8 0.05 -+0.04 0.33 _+0.05 
CELLO [9] ee, ##, zz 34.2 -0 .03 -+0.08 0.31 -+0.12 
MAC [-10] ##  29 0.07 -+0.11 0.24 -+0.04 
M A R K  II [11] ee, ##, ~z 29 0.03 +0.03 -+0.03 0.23 -+0.05 -+0.02 
HRS [12] ## 29 0.027-+0.051-+0.089 0.208-+0.064+_0.021 

GSW 0.0044 a 0.25 
expectation 

These values from [4] are results of an improved analysis of the data given in [3]. The correspond- 
ing #-pair asymmetry is - 14.0 x 3.2 x < 1% 
b present analysis 

using #/~ data only 
d assuming sinZ~gw=0.217 

gv 

1.0 

-0.5 

0 . 5 -  
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Fig. 3. Contours for 95 ~ c.1. in the (g~, g~) plane obtained from 
the combined fit to the Bhabha scattering and /~-pair production 
data. The shaded area represents the allowed regions from v - e  
data [14]. The correspondence of g~ and sin 20w is shown at the 
standard value of go = - 0.5 

This result is in good agreement with the M A R K - J  
[8] value of 0.15 +~176 and the JADE [6] result of 
0.16 x 0.03 derived from #-pair production using the 
same method. Our result is however lower than the 
values deduced from other than e + e -  experiments 
E27] which are centred around 0.217 x0.014 (after 
radiative corrections are applied) as also seen from 
the ~p measurement which is close to our 95 % c.1. 
contour. Nevertheless the value 0.217 is not ruled 
out by our data, since for that sin2,gw value we 
obtain a Z 2 of 26.9 for n~ = 27. 

To explore the sensitivity of our data to the p 
parameter, a third fit was made where p and sin 20w 

0 . 5  , , , I ' , ~ I ' ~ ' , 
! (a) 
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Fig. 4a and b. Contours for 68 ~ and 95 ~o c.1. obtained from a 
combined fit to our Bhabha and /~-pair data in the (mz, sin 20w) 
plane a and (sin 2 ~w, P) plane b. The experimental point is the 
combined result from the ~p collider taken from [18]. The dash- 
dotted lines represent the constraints p =  1 in a and mz=93 GeV 
in b. The crosses in the figures represent the minimum Z 2 value 

were the free parameters. In this fit m z  was extracted 
from (4), and g2 and g~ were obtained from (3) 
setting C = 0 .  The 68 ~ (solid line) and 95 ~ (dashed 
line) confidence level contours in the (sin20w, p) 
plane are shown in Fig. 4b, together with the aver- 
age pp measurement. Our value of p = 1.54 x 0.28 is 
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Table 4. Lower limits (95 7o c.1.) for the cut-off parameters As+ 
and At_+ obtained from Bhabha scattering and #-pair production 

e + e-  --+e + e e + e ~ # +  # -  Combined 
analysis 

A+ A_ A+ A A+ A_ 
[GeV] [GeV] [GeV] [GeV] [GeV] [GeV] 

As 184 162 - - 204 174 
AT 143 104 206 141 349 146 
A s = A t  184 162 - - 346 175 

Table 5. Lower limits (95 ~ c.1.) for the composite scale parameter 
Ac calculated under different assumptions. The sign in the index 
of A corresponds to the _+sign in the definitions 1 to 4 (see text) 

Coupling e + e -+ e + e e + e---+ # + / :  Combined 
analysis 

Ac+ Ac_ Ac+ Ac Ac+ Ac_ 
[TeV] [TeV] [TeV] [TeV] [TeV] [-TeV] 

RR, LL 1.1 0.76 2.9 0.86 a 0.94 
VV 2.2 1.9 2.4 1.6 4.1 2.1 
AA 2.0 1.6 4.5 1.5 4.3 1.7 

a The calculation of the 95 ~ c.1. is not possible since the fitted 
value for 1/A2+ is 2 s.d. below 0. For the 99 ~ c.1. lower limit we 
obtain 8.4 TeV 

2 s.d. higher than the GSW expectation of 1.0 and 
the results from the tip collider and from v-reactions 
[18, 27]. Fixing mz the allowed region in the 
(sin 20w, p) plane is a curve, which for mz = 93 GeV 
passes through the region allowed by our data (see 
Fig. 4b). 

Cut-Off Parameters 

Possible deviations from the standard model are 
given in Table 2 in terms of the cut-off parameters 
As+ and AT+-. These contributions are added to the 
electroweak amplitudes and are then used to obtain 
lower limits on As+. and AT+. from a fit to our data. 
In this fit, as well as the further fits discussed below, 
we have set the values of mz and sinZ0w to the 
world average values of 93 GeV and 0.217 respec- 
tively. Our lower limits for As+ and AT+- are listed 
in Table 4. Similar cut-off limits were obtained by 
the other P E T R A  experiments [6-9]. In Fig. 2b the 
Bhabha cross section, normalized to the standard 
model prediction, is compared with predictions cor- 
responding to different cut-off parameter  values for 
As+. =AT_+. We note that a cut-off parameter  of 200 
GeV verifies the validity of the standard model 
down to a distance of 10 -as  cm. 
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Composite Scale Parameters 

In [16] a general approach was proposed to de- 
scribe composite models using the effective La- 
grangian 

L = ( g  2 /2A2)  Z rhj" Ji2" J:~ 
i,j=L,R 

where JL, R are the left-handed or right-handed lep- 
tonic currents. The parameter  Ac, which sets the 
scale of the so-called "strong interaction" between 
the lepton constituents, is defined so that gZ/4rc= 1 
and the coefficients ~/i~ are equal to 0 or _+ 1 accord- 
ing to the particular assumption of the model listed 
below. The contributions of this effective Lagrangian 
to the amplitudes of the cross section formula (2) are 
listed in Table 2. 

The following sets of values for the t/ij are usual- 
ly considered [16] : 

1. Left-handed currents, LL, where t/LL = _+ 1, r/R R 

= ~RL ~- ~]LR = O. 
2. Right-handed currents, RR, where tlRR= ++_1, 

rlLL=rlRL =t/L R = 0. This alternative cannot be distin- 
guished from the former because they differ only by 
the negligible interference terms with the weak effect. 

3. Vector currents, VV, where r/L~=t/Re=r/RL 
=t/LR= __+1. This choice has the same effect on the 
cross sections as the cut-off ansatz discussed in the 
preceding section, when As+_ and AT+_ are replaced 

by J/mAc. 
4. Axial vector currents, AA, where t/LL=t/RR = 

--t/RL = --t/L R = X 1. 
The lower limuts for the Ac parameters obtained 

from fits to our Bhabha and g-pair data are listed in 
Table 5 for the different choices given above. Similar 
results were obtained by MAC [10], TASSO [7], 
and HRS [12] collaborations. 

Spin 0 Bosons 

Finally we discuss the effect of possible spin 0 bo- 
sons, X, with a mass, rex, above our c.m. energy. 
Here we consider two X bosons, one being scalar 
and the other pseudoscalar with two hypotheses for 
the boson masses: 

1. The mass of one of the two bosons is much 
higher than the other and its contribution can be 
neglected. 

2. The masses of both bosons are equal. 
The contributions of these bosons to the Bhabha 

and g-pair cross section amplitudes [28] are listed in 
Table 2, where e can be 1 or 2, depending on the 
number  of spin 0 bosons contributing to the cross 
section according to the two hypotheses above. In 
the same table the function ~ is defined as ~(s)=s/(s 
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Fig. 5. Upper limits at the 95 ~o c.l. of aF~e and ]/eF.~Fuu for a 
spin 0 boson decay into lepton pairs given as a function of its 
mass, mx 

- m  2) and Fee (F#~,) are the X - , e  + e (#+ # ) partial 
widths. From fits to our data we obtain 95% c.1. 

upper limits on eFoo and l /eFeeF,, ,  which are plot- 
ted in Fig. 5 as functions of mx. Taking for example 
rex=50 GeV, we obtain eFe~<15 MeV (95% c.1.). 
Similar limits have been obtained by other experi- 
ments [29]. 

Conclus ions  

The differential cross section for Bhabha scattering 
has been measured and used, together with our pre- 
viously obtained #-pair results, to test the standard 
model of electroweak interactions. This model can 
be expressed by alternative sets of variables. We 
have analysed our data in terms of the follow- 
ing pairs of parameters:  2 2 (ga, g~), (mz, s inz0w) ,  
(sin 2 ~w, P), where in each case the other quantities 
in the model were taken from other measurements 
or extracted from the relations given by the model. 
F rom our fit, the best values obtained are g~ =0.09 
x 0.06 and g~ =0.38 x 0.08, when p and mz are set to 
1 and 93 GeV respectively. These values exceed by 
about 1.5 s.d. those expected in the GSW model 
with the currently accepted sin 20w value of 0.217 (g~ 
= 0.0044, g~ = 0.25). When sin 20w and mz are taken 
as the free parameters, the are found to be highly 
correlated. When mz is fixed at its directly measured 
value of 93 GeV, we obtain sin2Ow=O.13 +~176 - 0 . 0 2  

�9 (1 +0.o8 0-)_o .o3(26  ). This value is consistent with pre- 
viously measured values in #-pair production and is 
2.1 s.d. lower than the values obtained from the W 
and Z mass measurements and from v-reactions. The 
third fit with sin 2 0 w and p as free parameters shows 
the relative insensitivity of e + e -  -* l + l-  reactions to 

the p value which varies within 95 % c.1. between the 
values 0.99 and 2.08. The minimum •2 value is ob- 
tained at p -1 .54 .  

We have also used our data to investigate wheth- 
er there is a need for modifications of the standard 
model. The lower limits of the cut-off parameters are 
found to be larger than 100 GeV (95 % c.1.). For the 
composite scale parameters we obtain lower limits in 
the range of 1 TeV and above, at 95 ~o c.1. Finally, 
no evidence is seen for the production of a heavy 
spin 0 boson. Assuming its mass to be 50 GeV, an 
upper limit of 15 MeV can be set for its partial 
width decay into e + e- .  
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