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Abstract. We report on high statistics Bhabha scatter- 
ing data taken with the TASSO experiment at PE- 
TRA at center of mass energies from 12GeV to 
46.8 GeV. We present an analysis in terms of electro- 
weak parameters of the standard model, give limits 
on QED cut-off parameters and look for possible 
signs of compositeness. 

1. Introduction 

Bhabha scattering e + e - ~ e  + e -  belongs to the most 
simple purely leptonic reaction to be studied at 
e+e colliders. It has been used in the past by the 
TASSO Collaboration [1] as well as by other experi- 
ments at PETRA and PEP [-2] to test QED, its exten- 
sion to the standard model of electroweak interac- 
tions [3], to search for compositeness, and to set lim- 
its on the pointlike structure of electrons. This paper 
reviews all our results obtained at center of mass ener- 

gies ranging from [ / / s=12GeV up to the highest 

values of ~ = 46.8 GeV at the PETRA storage ring. 
The paper is organized as follows. We first present 

the relevant cross section formula. Then we briefly 
discuss the experimental conditions of data taking 
and analysis. Then follows the determination of elec- 
troweak coupling constants. Finally we present limits 
on QED cut-off parameters and mass scale parame- 
ters in composite models. A summary concludes our 
investigations. 

2. Cross section formula 

The cross sections were evaluated using the formula 
of [4] for the electroweak interaction and extended 
by the authors of [5] for composite models. For  un- 
polarized beams the differential cross section can be 
written in the following form 

do ~2 
= - - . { 4 B  l + B z ( 1 - c o s 0 ) z + B 3 ( l + c o s 0 ) 2 } ,  (i) 

d~2 8s 

with 

i +  2 2 B I = ( : )  2 (gv--ga)~+ rIRLt z 
' 

2 2 qRL S 2 
B2= l + ( g v - g A ) z + ~  , 

B3=12 l + S + ( g v + g A ) z ( t ~ - -  '--2rlRRS 2 

+1 1 s 2 /s + ~ + ( g v - - g A )  ~ ~-'[-Z)"[-~I 2, 
2 

GF Mz z s 

Z = 2 ] / 2 n ~ ' s - - M 2 + i M z  F' 

GF M 2 t 

2 ~ 2 n ~  t - M ~ + i M z F "  

Here ~ is the fine structure constant, s is the center 
of mass energy squared, 0 is the polar scattering angle 
measured between the incoming and the outgoing 

s 
electron, and t = - ~ ( 1 - c o s O ) .  In the standard 

SU(2)L x U(1) model the weak contributions are de- 
scribed by the vector coupling gv = - � 8 9  2 sin 20w, 
the axial vector coupling ga = -  �89 the weak mixing 
angle sin 2 0 w and propagator  terms given by the Fer- 
mi constant GF, the Z ~ mass Mz, the Z ~ width F 
and ~. For  calculations within the standard model 
we use sin 2 0 w = 0.23 and M z = 92 GeV [-6]. Note that 
the chosen parametrization is not sensitive to the ex- 
act value of Mz. 

Composite models are tested by allowing some 
of the coefficients t / to  be different from zero and the 
mass scale A c to be finite. The indices R and L denote 
right handed and left handed currents, respectively. 

The pure QED case can be derived by setting gv, 
gA and all ~'s to zero. Traditionally any departure 
from QED has been paramatrized by inserting time- 
like and space-like form factors at the respective ver- 
tices with cut-off parameters A QED 

s 
FT(s ) = 1 T- s-- AQ+ E~ 2, (2) 

t 
Fs(t)= 1 T- t _  A~ED 2. (3) 

This assumes, however, that any new current couples 
to the electron with the same strength and transfor- 
mation properties as the photon field. 

3. Event selection 

The data were taken from 1979 to 1986 with the TAS- 
SO detector at the e+e storage ring PETRA. The 

energy span reaches from l / s = 1 2 G e V  to 1/~ 
=46.8 GeV. Since large parts of the luminosity have 
been taken during energy scans the data have been 
grouped at certain average energies, as listed in Ta- 
ble 1. 

The TASSO detector, the trigger conditions and 
the event selection criteria have been described else- 
where [1] and will be only briefly recalled. The trigger 
required two charged track candidates having an 
acoplanarity angle measured in the plane perpendicu- 
lar to the beam direction of less than 25 ~ A charged 
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Table 1. Data  samples used for the analysis e + e---*e + e -  

( r  (GeV) ~ d t  (pb 1) NBhabh a 

14.0 1.7 10730 
22.0 2.7 7106 
34.8 174.5 166348 
38.3 8.9 6035 
43.6 37.1 22951 

track candidate at the trigger level was required to 
have hits in the central proportional  chamber, the 
central drift chamber, the corresponding time-of-flight 
counter, and for part of the data also in the vertex 
detector. The trigger and reconstruction efficiencies 
were checked with data taken concurrently with other 
independent triggers, e.g. two track triggers with no 
acoplanarity condition and shower counter triggers. 
The efficiencies were determined with a typical accu- 
racy of -t- 1% and, most important, did not show any 
significant polar angle dependence (the maximum de- 
viation observed for a small fraction of the data was 
3% over c o s 0 = 0  to Icos01=0.8). 

The Bhabha event analysis is solely based on event 
topologies, no electron identification was attempted. 
The selection of two prong events required: 

- two oppositely charged tracks, 
- an acollinearity angle between the two tracks of 

~< 10 ~ 
-- a polar angle acceptance of ]cos01 <0.80 for each 

track, 
- a momentum p>0.2"pbeam for each track and 

p > 0.7- Pbcam for the sum of both tracks, 
- the vertex of both tracks to match the nominal 

interaction point within 0.6 cm perpendicular to 
the beam and 7.5 cm along the beam, 

- the time-of-flight for each track to be within 
- 3.0 < t meas - -  t p r e d i c t e d  < 2.0 ns. 

The background in the thus selected two prong event 
sample from two photon processes e § e -  ~ e  + e l + l -  
and cosmic rays was negligible. The contributions 
from # pairs (5% overall and 20% in the backward 
hemisphere) and ~ pairs (1%) were subtracted bin by 
bin taking the standard model production cross sec- 
tion with our measured charge asymmetries into ac- 
count [1, 7, 8]. The charge identification was ensured 
by our high precision central tracking devices. By 
studying the correlations of the charge weighted re- 
ciprocal momenta of forward versus backward going 
tracks we found a charge confusion probability per 

track of 0.33-0.1% (0.5+0.1%) at ] / s = 3 5 G e V  
(44 GeV) and a correlated probability that both tracks 
flip the charge simultaneously of less than 10 -5 

10-5) at ] ~ =  35 GeV (44 GeV). This is consistent (2. 
with the assumption that both curvature measure- 
ments are independent of each other as can be derived 
from the achieved transverse momentum resolution 
for high energy tracks of a(1/p•177 

4 .  E x p e r i m e n t a l  r e s u l t s  

The acceptance functions to correct the measured an- 
gular distributions were calculated using a Monte 
Carlo program [9]. The showering of electrons and 
radiating photons was simulated with the EGS code 
[10]. The simulations were checked with Bhabha 
events identified by the liquid argon calorimeters and 
good agreement with the data was found. The overall 
uncertainty in the bin-to-bin polar acceptance due 
to shower corrections, trigger and reconstruction effi- 
ciencies was estimated to be less than 1% and was 
added in quadrature to the statistical errors. 

The data have also been corrected for QED radia- 
tive effects up to order ~3 [9]. Weak radiative correc- 
tions have not yet been provided in a form of a Monte 
Carlo generator program, but are estimated to be neg- 
ligible at PETRA energies [-11 ]. 

The overall systematic uncertainty for the lumino- 
sity determination from wide angle Bhabha scattering 
amounted typically to _+ (3.0--3.5)%. The luminosity 
measurement as derived from small angle Bhabha 
scattering had a typical uncertainty of 4-(3.5-4.5)%. 
Since both luminosity determinations from wide angle 
and small angle measurements agree very well and 
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Fig. 1. The differential Bhabha cross sections at average energies 
of  14, 22, 34.8, 38.3, and 43.6 GeV. The curves show the QED  predic- 
tions. The data points include statistical and systematic errors apart  
from an overall normalization uncertainty due to luminosity deter- 
mination 
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T a b l e  2. T h e  d i f fe ren t ia l  B h a b h a  c ross  sec t ions  a t  ene rg i e s  o f  14, 22, 34.8, 38.3, a n d  43.6 G e V .  T h e  s c a t t e r i n g  a n g l e  is g i v e n  as  c e n t r a l  

v a l u e  o f  t he  c o r r e s p o n d i n g  bin.  T h e  d a t a  p o i n t s  i n c l u d e  s ta t i s t i ca l  a n d  s y s t e m a t i c  e r r o r s  a p a r t  f r o m  a n  o v e r a l l  n o r m a l i z a t i o n  u n c e r t a i n t y  
d u e  to  l u m i n o s i t y  d e t e r m i n a t i o n  

Cos O) 

0.775 
0.725 
0.675 
0.625 
0.575 
0.525 
0.450 
0.350 
0.250 
0.150 
0.050 

-0 .050 
-0 .150 
-0 .250 
-0 .350 
-0.450 
-0.550 
-0.650 
-0 .750 

(,.~) = 14.o GW 
s .  d#/dl2 o" . . . .  /o - q ~ ~  

(nb .  G e V  2) 

1431.05:29.7 1.0635:0.022 
907.9 5:22.5 1.055 5:0.026 
603.55:17.9  1.0225:0.030 
435.1 5:15.1 1.021 5:0.035 
330.85:13.1 1.0345:0.040 
241.6 5:11.2 0.976 4- 0.045 
182.7 5:6.9 1.037 4- 0.039 
122.6 5:5.6 1.023 • 0.047 
84 .95:4 .8  0.9814-0.055 
63.8 5:4.2 0.973 5:0.063 
55.6 5:3.9 1.073 5:0.076 
40.7 5:3.4 0.959 5:0.080 
34.1 5:3.2 0.953 4- 0.089 
34.45:3 .2  1.1065:0.102 
25.0 5:2.8 0.902 5:0.102 
28.74-3 .0  1.1365:0.120 
25.0 5:3.0 1.062 5:0.128 
25.45:3 .2  1.1375:0.142 
21.85:3 .2  1.0165:0.149 

( V ~  = 22.0 G e V  
s .  d#/df~ o" . . . .  /o " q s ~  

(rib. Ge t ' " )  

1319.04-33.6 0 .9805:0.025 
839.3 4- 25.5 0.976 5:0.029 
583.7 5:20.8 0.989 5:0.035 
396.3 4- 17.0 0.930 5:0.040 
296.1 5:14.6 0.926 5:0.046 
250 .05:13 .4  1.0105:0.054 
159.5 5:7.6 0.905 5:0.043 
114.14-6.4 0.9525:0.053 
78.1 5:5.4 0.902 5:0.062 
63.1 5:4.9 0.962 4- 0.074 
47.2 5:4.3 0.910 5:0.082 
38.6 5:3.9 0.910 5:0.092 
35 .75 :3 .8  0.9984-0.106 
28 .65:3 .5  0.9204-0.111 
28 .45:3 .5  1.023 5:0.125 
25 .95:3 .4  1.025 4- 0.136 
24.2 5:3,5 1.0275:0.147 
2 4 . 0 •  1.0765:0.163 
16.14-3.4  0.7524-0.159 

( ~ , / ~  = 34.8 G e V  
s .da ' / d f l  o" . . . .  /o  "QE~ 

(nb.  G e V  ~) 

1336.85:14.7 0.9935:0.011 
861.0 4- 9 .9  1.001 5:0.012 
587.3 5:7.1 0.995 5:0.012 
419.1 5:5.5 0.984 5:0.013 
315.5 5:4.4 0.987 5:0.014 
249.15:3.7 1.0075:0.015 
172.0 5:2.4 0.976 5:0.014 
118.5 5:1.8 0.989 • 0.015 
84.8 5:1.5 0.980 5:0.017 
61.9 • 1.2 0.943 5:0.018 
51.2 5:1.1 0 . 9 8 8  5 : 0 . 0 2 1  

42.0 5:0.9 0.990 5:0.022 
35.4 5:0.8 0.987 5:0.024 
30.9 4- 0.8 0 9 9 3  5:0.026 
26.5 5:0.7 0.954 5:0.027 
24.7 5:0.7 0.975 4- 0.029 
24.5 5:0.7 1.040 5:0.032 
22.7 4- 0.7 1.020 :t: 0.033 
22.5 5:0.8 1.046 5:0.038 

<VT) = ~ 8 . 3  c , v  
s �9 da'/dfl o" . . . .  /O-QED 

(nb.  G e V  ~) 

1326.0 4- 36.4 0.985 5:0.027 
893.1 5:28.4 1.038 5:0.033 
576.7 5:22.8 0.977 d: 0.039 
408.8 5:19.2 0.960 5:0.045 
312.6 5:16.7 0.978 5:0.053 
249.3 5:14.9 1.008 5:0.060 
181.6 5:9.1 1.030 5:0.051 
1'14.1 5:7.1 0.952 4- 0.060 
85.1 5:5.9 0.983 5:0.069 
65.9 5:5.4 1.004 5:0.082 
49.3 5:4.8 0.951 5:0.093 
33.0 5:4.1 0.777 5:0.096 
36.15:4.1 1.0085:0.116 
28.1 5:3.7 0.902 5:0.117 
21. 0 5:3.5 0.759 5:0.125 
28.75:4.1 1.1345:0.161 
20.05:3.6 0 .8495:0 .154 
21.0 5:3.8 0.940 5:0.169 
27.0 5:4.5 1.256 5:0.208 

( , , 4 )  = 43.6 GeV 
s . d ~ / d ~  # . . . .  / # q s o  

( n b - G e V  ~ ) 

1290.0::t:22.1 0.9584-0.016 
825.15:16.1 0 .959•  
565.55:12.7  0.9585:0.022 
426.9 5:10.7 1.002 5:0.025 
309.9 5:8.9 0.969 5:0.028 
247.4 5:7.9 1.000 5:0.032 
174.1 4- 4.8 . 0.989 5:0.027 
120.74-3.9 1.0075:0.033 
92.7 5:3.5 1.071 5:0.040 
55.2 5:2.7 0.642 5:0.041 
47.3 5:2.5 0.913 5:0.049 
36.3 5:2.2 0.856 5:0.053 
36.0 5:2.2 1.004 5:0.062 
26.95:2 .0  0.8635:0.063 
22.7 5:1.8 0.819 5:0.067 
26.4 4- 2.0 1.042 5:0.079 
27.25:2 .0  1.1545:0.087 
18.0 5:1.8 0.808 5:0.081 
20.95:2.1 0.9745:0.097 
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Fig .  2 a - e .  T h e  d i f fe ren t ia l  B h a b h a  c ro s s  s ec t i on  n o r m a l i z e d  to  t h e  

Q E D  e x p e c t a t i o n  for  a v e r a g e  e n e r g i e s  o f  a I / s =  14 G e V ,  b 

= 22 G e V ,  c l / s -  34.8 G e V ,  d ] / s =  38.3 G e V ,  a n d  e ] f s  = 4 6 . 8  G e V .  

T h e  c u r v e s  s h o w  the  p r e d i c t i o n s  o f  t he  s t a n d a r d  m o d e l  u s i n g  
sin 2 0 w = 0 , 2 3  a n d  M z = 9 2  G e V .  T h e  d a t a  p o i n t s  i n c l u d e  s ta t i s t i ca l  

a n d  s y s t e m a t i c  e r r o r s  a p a r t  f r o m  a n  ove ra l l  n o r m a l i z a t i o n  u n c e r -  

t a i n t y  d u e  to  l u m i n o s i t y  d e t e r m i n a t i o n  
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Fig. 3. a The total Bhabha cross section integrated over Icos 0J <0.8 
as function of the energy. The curve shows the QED prediction. 
b The same data normalized to the QED prediction. The dotted 
curves show the expected deviations from QED for cut-off parame- 
ters of AQ+ED=370 GeV and A~ ED= 190 GeV. The data points in- 
clude statistical and systematic errors apart from an overall normal- 
ization uncertainty due to luminosity determination 

wide angle Bhabha scattering deviates only marginal- 
ly from QED (see later) we assumed for the extraction 
of physics parameters a conservative systematic over- 
all uncertainty of +_3%. This overall systematic un- 
certainty is not included in the cross section data 
points shown in the figures or tables. 

The differential cross sections for five average en- 

ergies at ] f s=14 ,  22, 34.8, 38.3 and 43.6GeV are 
shown in Fig. 1 and listed in Table 2. A more detailed 
presentation of the ratio of the measured cross section 
to the QED expectation on a linear scale is given 
in Fig. 2. The total cross section integrated over 
Icos01<0.80 as function of the energy is displayed 
in Fig. 3. 

5. Determination of electroweak coupling constants 

The data shown in Figs. 1 and 2 can be well described 
either by the QED prediction or by its electroweak 
extension. In fact a fit of our highest statistics data 

at ~ = 3 4 . 8  GeV to the QED cross section yields a 
Z2--21.8 for 19 d.o.f., while the standard model pre- 
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Fig. 4. Results of a fit to g2 and g2 with one and two standard 
deviation contours 

diction yields a slightly better description with • E  

=20.6. In all fits an overall normalization factor is 
considered as a free parameter. 

The data can be used to determine the Weinberg 
angle sin E 0 w. A fit of our high energy data (i.e. above 
34 GeV) to the standard model yields sin E 0w=0.24 
+_0.04 to be compared with the value 0.28+_0.12 ob- 

tained from a previous analysis at ~/s = 34.6 GeV with 
less statistics [1]. If the absolute normalization is held 
fixed then the error on the determination of sin E Ow 
can be reduced by a factor of two to +_ 0.02. 

We have attempted to measure the square of the 
vector and axial vector coupling constants in the con- 
text of a general SU(2) • U(1) electroweak theory. A 
fit to our high energy data yields g E = - 0 . 0 8  +_0.04 
and g] = 0.14 +_ 0.09. It should be noted, however, that 
both coupling constants are strongly correlated with 
a correlation coefficient of 0.5. The results of the fit 
with the one and two standard deviation contours 
are shown in the g ~ _ g 2  plane of Fig. 4. If the vector 
coupling constant is fixed to zero, a value required 
by QED and close to the standard model expectation, 
we obtain for the axial vector coupling g2=0.26 
4-0.07, in agreement with the standard model. 

As discussed in Sect. 2 departures from QED have 
been traditionally parametrized in terms of cut-off pa- 
rameters A QED introduced in (2) and (3). Investigating 
possible departures in the energy dependence of the 
total cross section data of Fig. 3 we find lower limits 
(95% confidence level) of A + > 3 7 0 G e V  and A_ 
> 190 GeV. These bounds can be improved by fitting 
the differential cross sections after having applied cor- 
rections due to the electroweak interference and inter- 
pretating any further deviation as being due to QED 
effects. The corresponding lower limits (95% confi- 
dence level) are AQED> 435 GeV and AQED> 590 GeV. 
The results can be interpreted that electrons are 
point-like objects down to distances of 5 .10  17 cm. 
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Table 3. Results on electroweak parameters and lower limits (95% 
confidence level) on QED cut-off parameters. The errors given in- 
clude statistical and systematic uncertainties 

sin 20w 0.24 + 0.04 

g~ - 0.08 + 0.04 

g~ 0.14_+0.09 

A QED > 4 3 5  G e V  

A ?  ED > 5 9 0  G e V  

In Table 3 our results concerning the determina- 
tion of electroweak coupling constants and Q E D  cut- 
off parameters  are summarized. 

6. Test of composite models 

In models of compositeness the fundamental  fermions 
are supposed to have a substructure. Bhabha scatter- 
ing is particularly simple since initial and final state 
particles are the same and no assumptions on the 
constituents have to be made. A general parametriza-  
tion of the interaction at the subconstituent level can 
be formulated by adding to the Lagrangian of the 
standard electroweak theory a contact interaction 
term of the form 

g2 
~?eff = 4- 2A c 2 (tl~cJ~J~ + r lggjnJn + 2 t ln~jaj~) .  

The parameter  A c characterizes the mass scale of 
compositeness subject to the condition that g2 /4n=  1. 
As usual jR and j~ denote right handed and left 
handed currents. The interference between this con- 
tact interaction and the 7 and Z exchange in the stan- 
dard theory is responsible for the terms appearing 
in (1) proport ional  to the ~/'s. In the present analysis 
we assumed for simplicity that these constants take 
the values 0 or + 1. Thus for the L L  coupling t /~  = 1, 
qRR=IIRL=O, for the R R  coupling IIRR = 1, qLL=I']RL 
=0,  for the V V  coupling t/Lc= ~RR =~IRL ~ 1 and for 
the A A  coupling t /~R=q~/=- - r /R~= 1. Fitting the 
high energy Bhabha data to (1) one obtains lower 
limits for the mass scale parameters  A c which are 
summarized in Table 4. They are typically between 

Table 4. Lower limits (95% confidence level) on mass  scale parame- 
ters A c in composite models for left handed (L), right handed (R), 
vector (V), and axial vector (A) couplings 

Coupling AC+ (TeV) A c (TeV) 

L L  1.4 3.3 
R R  1.4 3.3 
V V  3.6 7.1 
A A  2.8 2.4 
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Fig. 5a -c .  The differential Bhabha cross section normalized to the 

s tandard model expectation at < ~ s ) =  34.8 GeV. The curves show 
the possible contributions from compositeness for a left handed 
or right handed coupling, b vector coupling, and c axial vector 
coupling. The data points include statistical and systematic errors 
apart  from an overall normalization uncertainty due to luminosity 
determination 

1.4 to 7 TeV, depending on the chiral structure of 
the currents. L L  and R R  couplings cannot  be distin- 
guished at present energies. The sensitivity of our 

highest statistics data at ~ s = 3 4 . 8  GeV to various 
values of A c is illustrated in Fig. 5. 



7. Conclusions 

W e  h a v e  p r e s e n t e d  a h i g h  s t a t i s t i c s  ana ly s i s  o f  B h a b -  

h a  s c a t t e r i n g  a t  c e n t e r  o f  m a s s  ene rg i e s  b e t w e e n  12 

a n d  46.8 G e V .  W h i l e  o u r  d a t a  a re  still c o n s i s t e n t  w i t h  

Q E D ,  t h e y  a re  b e t t e r  d e s c r i b e d  w i t h i n  t he  s t a n d a r d  

e l e c t r o w e a k  m o d e l .  T h e  d e t e r m i n a t i o n  o f  e l e c t r o w e a k  

c o u p l i n g  c o n s t a n t s ,  l o w e r  l imi t s  o n  Q E D  c u t - o f f  pa -  

r a m e t e r s  a n d  m a s s  sca les  o f  c o m p o s i t e  m o d e l s  h a v e  

b e e n  c o n s i d e r a b l y  i m p r o v e d  o v e r  p r e v i o u s  ex p e r i -  

m e n t s .  
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