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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 12 GeV 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
et 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 ]/;=12 GeV 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 o
E=g-{4B1+BZ(1—cos0)2+B3(1+c050)2}, 1
with
5\? #ret |?
Bi=(j) |1+ —s e
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Here o is the fine structure constant, s is the center
of mass energy squared, # is the polar scattering angle
measured between the incoming and the outgoing

electron, and t= ~%(1 —cosf). In the standard

SU((2), x U(1) model the weak contributions are de-
scribed by the vector coupling g, = —31+2sin? 8y,
the axial vector coupling g,= —%, the weak mixing
angle sin? f, and propagator terms given by the Fer-
mi constant G, the Z® mass M, the Z° width I
and o. For calculations within the standard model
we use sin? 8y, =0.23 and M ;=92 GeV [6]. Note that
the chosen parametrization is not sensitive to the ex-
act value of M.

Composite models are tested by allowing some
of the coefficients # to be different from zero and the
mass scale A€ 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 gy,
g4 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 AP

_ S
FT(S):1+S——;1§m’ 2

_ t
Fs(t)zl—f-?_TgEﬁ. A3)

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 ]/§= 12GeV to l/;
=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



Table 1. Data samples used for the analysis e"e” —e™ e”

/s> (GeV) [ de (pbY) Nanasha
14.0 1.7 10730
22.0 2.7 7106
34.8 174.5 166348
383 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 +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 cos =0 to |cos 8] =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 |cos 8] <0.80 for each
track,

— a momentum p>0.2-py..m for each track and
Y. p>0.7 - Pyeam 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 < gmeas  gpredicted -3 O pg,

The background in the thus selected two prong event
sample from two photon processes et e —ete 111
and cosmic rays was negligible. The contributions
from p pairs (5% overall and 20% in the backward
hemisphere) and 7 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 03+0.1% (0.5+0.1%) at ]/;=35GeV

(44 GeV) and a correlated probability that both tracks
flip the charge simultaneously of less than 1077
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(2-107%) at |/s=35 GeV (44 GeV). This is consistent
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 o(1/p,)/(1/p,)=0.016.

4. Experimental results

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 cffi-
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 «> [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 [117].

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 +(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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Table 2. The differential Bhabha cross sections at energies of 14, 22, 34.8, 38.3, and 43.6 GeV. The scattering angle is given as central
value of the corresponding bin. The data points include statistical and systematic errors apart from an overall normalization uncertainty

due to luminosity determination

(V3) = 14.0GeV (V) = 22.0GeV (V3) = 34.8GeV (V3) = 38.3CeV (V3) = 43.6 GeV
{cos 6) s-do/dQ2 gmeas gQED s-do/dQ ocmes [gQED s-do/dQ gmeat [gQED s-do/dQ omear [gQED s-deo/d2 omes? [gQED
(nb- GeV?) (nb- GeV?) (nb-GeV?) (nb- GeV?) (nb-GeV?)
0.775 | 1431.0+29.7 1.063+0.022 | 13190+ 33.6 0.980+0.025 | 1336.8+14.7 0.993+0.011 | 1326.0+36.4 0.985+ 0.027 | 1290.04+ 22.1 0.958 + 0.015
0.725 | 907.9+22.5 1.055+0.026 | 839.3+255 0.976+ 0.029 861.0+9.9 1.001£0.012 | 893.1+284 1.038+0.033 | 825.1%+16.1 0.959+ 0.019
0.675 | 603.5+17.9 1.022+0.030 | 583.7+20.8 0.989 4 0.035 587.3+ 7.1 0.995+0.012 | 576.7+22.8 0.977+0.039 | 565.5+12.7 0.958+0.022
0.625 | 435.1£15.1 1.021+£0.035; 396.3+17.0 0.9304 0.040 419.1+£5.5 0.984 1+ 0.013 | 408.84+19.2 0.960+0.045 | 426.9+10.7 1.002+0.025
0.575 | 330.8+13.1 1.034+0.040] 296.1+146 0.9264+0.046 | 3155+ 4.4 0.987+0.014 | 3126 +16.7 0.978£0.053 309.9+89 0.9691+0.028
0.525 | 241.6 +£11.2 0.976 £0.045 | 250.0+13.4 1.010+0.054 249.1 £ 3.7 1.007+0.015 | 24931149 1.008+0.060 2474179 1.000 + 0.032
0.450 18271+ 6.9 1.037 £ 0.039 1595+ 7.6 0.905 £ 0,043 172.0+ 2.4 0.976 £ 0.014 181.6 £ 9.1 1.030 £+ 0.051 174.1+ 4.8  0.989 + 0.027
0.350 1226 + 5.6 1.023 £ 0.047 1141+ 6.4 0.952 4+ 0.053 1185+ 1.8 0.989 £ 0.015 1141+ 7.1 0.952 + 0.060 1207+ 3.9 1.007 + 0.033
0.250 849448 0.981 £ 0.055 78.1+5.4 0.902 1 0.062 848+ 1.5 0.980 £ 0.017 85.1+5.9 0.983 + 0.069 92.7+ 3.5 1.071 + 0.040
0.150 63.8 1+4.2 0.973 £ 0.063 63.11+4.9 0.962 + 0.074 61.9+1.2 0.943 + 0.018 65.9+5.4 1.004 + 0.0682 55.23% 2.7 0.842 + 0.041
0.050 55.6 £3.9 1.073 £ 0.076 47.2£4.3 0.910 + 0.082 51.2+1.1 0.988 £ 0.021 49.31+438 0.951 + 0.093 473+ 2.5 0.913 £ 0.049
~0.050 40.7+ 3.4 0.959 + 0.080 386+3.9 0.910 £ 0.092 42.010.9 0.990 £ 0.022 33.0+4.1 0.777 £ 0.096 36.3+ 2.2 0.856 + 0.053
—0.150 34.14 3.2 0.953 4+ 0.089 357138 0.998 £ 0.106 354108 0.987 £ 0.024 36.11+4.1 1.008 £ 0.116 36.0+£2.2 1.004 £ 0.062
—0.250 34.4+3.2 1.106 £ 0.102 286135 0.920+0.111 30.9+0.8 0.993 £ 0.026 28.1+3.7 0.902 £+ 6.117 26.9+ 2.0 0.863 £ 0.063
—0.350 25.0+2.8 0.902 £ 0.102 284135 1.023 + 0.125 26,5+ 0.7 0.954 £ 0.027 21.0+35 0.759 £+ 0.125 22.7+1.8 0.819 £ 0.067
—0.450 28.7+3.0 1.136 £ 0.120 259+ 3.4 1.025 £ 0.136 24.7+£ 0.7 0.975 £ 0.029 28.7+4.1 1.134+0.161 26.4% 2.0 1.042 £ 0.079
-0.550 250+ 3.0 1.062+0.128 24.2+ 35 1.027 £+ 0.147 245+ 0.7 1.040 + 0.032 200 £3.6 0.849 + 0.154 27.2+2.0 1.154 £ 0.087
-0.650 25.44+3.2 1.137 4+ 0.142 240+ 3.6 1.076 + 0.163 22.7+£0.7 1.020 £ 0.033 210+ 3.8 0.940 + 0.169 18.0+£1.8 0.808 £ 0.081
-0.750 21.8+3.2 1.016 +0.149 16.1 + 3.4 0.752 + 0.159 225408 1.046 + 0.038 27.0£4.5 1.256 £ 0.208 209+2.1 0.974 £+ 0.097
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Fig. 3. a The total Bhabha cross section integrated over |cos 8] <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 AP =370 GeV and AP®=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 |/s=14, 22, 34.8, 38.3 and 43.6 GeV 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
|cos 8] < 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 [/;=34.8 GeV to the QED cross section yields a
x*>=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 g% with one and two standard
deviation contours

diction yields a slightly better description with x*
=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? fy,. A fit of our high energy data (i.e. above
34 GeV) to the standard model yields sin? 6y, =0.24
+0.04 to be compared with the value 0.28 +£0.12 ob-

tained from a previous analysis at ]/gz 34.6 GeV with
less statistics [ 1]. If the absolute normalization is held
fixed then the error on the determination of sin? 8y,
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) x U(1) eclectroweak theory. A
fit to our high energy data yields gZ= —0.08+0.04
and g% =0.1440.09. 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 g7 — g% 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 gZ=0.26
+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 4% 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 A4, >370GeV 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 A9EP >435 GeV and A€ > 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? Oy 0.24+0.04
g2 —0.08+0.04
2 0.144+0.09
AYED >435GeV
A%ED > 590 GeV

In Table 3 our results concerning the determina-
tion of electroweak coupling constants and QED 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

2
g .. .. ..
Logr= i72AC s (MeLjrjiFrririR +20RLIRIL)-
+

The parameter A characterizes the mass scale of
compositeness subject to the condition that g*/4n=1.
As usual jp and j; denote right handed and left
handed currents. The interference between this con-
tact interaction and the y and Z exchange in the stan-
dard theory is responsible for the terms appearing
in (1) proportional to the #’s. In the present analysis
we assumed for simplicity that these constants take
the values O or + 1. Thus for the LL coupling #,; =1,
nrr="r.=0, for the RR coupling #ge=1, N ="rs
=0, for the VV coupling ;. =#rr=Hr,=1 and for
the AA coupling fgg=#..=—ng.=1. Fitting the
high energy Bhabha data to (1) one obtains lower
limits for the mass scale parameters A which are
summarized in Table 4. They are typically between

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

Coupling AS (TeV) A (TeV)
LL 14 33
RR 14 33
| 42 3.6 7.1
AA 2.8 24
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Fig. 5a—c. The differential Bhabha cross section normalized to the

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

1.4 to 7TeV, depending on the chiral structure of
the currents. LL and RR couplings cannot be distin-
guished at present energies. The sensitivity of our
highest statistics data at ]/§=34.8 GeV to various
values of A is illustrated in Fig. 5.



1. Conclusions

We have presented a high statistics analysis of Bhab-
ha scattering at center of mass energies between 12
and 46.8 GeV. While our data are still consistent with
QED, they are better described within the standard
electroweak model. The determination of electroweak
coupling constants, lower limits on QED cut-off pa-
rameters and mass scales of composite models have
been considerably improved over previous experi-
ments.
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