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Abstract. We present an analysis of electroweak lep-
tonic couplings from high statistics experiments on
Bhabha scattering and p pair production at an en-
ergy of 34.5GeV. The forward-backward charge
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asymmetry of the p pairs was measured to be
—0.098 +£0.023 4-0.005. The data were found to agree
well with the standard theory of electroweak in-
teraction giving sin?6,,=0.27+0.07. The leptonic
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weak couplings were determined to be g,=0.000
+0.170 and g, = —0.4811+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

ete —ete” (1)
and
ete oputpu 2

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

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 u 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]:

4G, .
B =22 G sin’ Oy T} 3)

Here G, is the Fermi constant, j* the third com-
ponent of the weak isospin current, j.. the eclec-
tromagnetic current and 6, 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 ¢>0. The strength of the
weak interaction is expressed by dimensionless vec-
tor and axial vector coupling constants gi and g\
(I=-e, u), respectively:

gV:]/;(I3L+I3R+2Sin26W) 4)
gA:l/;(ISL_I?)R)' (%)

I, and I, 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 et e~ annihi-
lation experiments at PETRA and PEP [5-7], and
by the recent discoveries of the W and Z bosons [8,
9], I, =%, I; =0, p=1 and sin*6,, 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 ve experiments [4] has yielded
sin?6,,=02340.04 in the frame work of the GWS
theory, or g%=-—0030+0.077 and g§=-0.514
+0.058 in a 2 parameter model (the other solution
allowed by ve scattering is excluded by data from
et e” -7 |~ 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 %} 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 9,

We first discuss the analysis of Bhabha scattering
events, followed by the analysis of u 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*6, within the GWS
theory,

(ii) determination of g% and g} assuming M,
=95GeV*,

(iii) determination of the parameter ¢ assuming
sin?#,,=0.23.

Finally we investigate some tests of composite
models.

etem—et 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 z-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
|cos 6] <0.80. The extraction of Bhabha scattering
events is based solely on event topologies. Electrons
and positrons were not positively identified. The

*  For the Z mass we use a value consistent with the measure-
ments of [9]. The results are not sensitive to the exact value of
MZ
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Table 1. Cross section of e* e™ —e* ¢~ at W=34.5GeV. The er-
rors include statistical and systematic uncertainties apart from an
overall normalization of +4.5%

{cos B s-do/dQ g™eas/gED
(GeV? . nb/sterad)
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 31480+ 5.58 0.989 +0.018
0.525 247.50+ 4.78 1.004 +0.019
0.450 171.80+ 2.95 0977 +0.017
0.350 120.10+ 2.31 1.00440.019
0.250 87.59+ 1.95 1.01440.023
0.150 60.48 + 1.58 0.92340.024
0.050 4967+ 1.44 0.959 +0.028
—0.050 4237+ 1.31 1.000+0.031
—0.150 3547+ 1.20 0.990 +0.034
—0.250 29.64+ 1.10 0.952 +0.035
—0.350 27.06+ 1.08 0.97540.039
—0.450 24.50+ 1.03 0.968 +-0.041
—0.550 2421+ 1.04 1.028 +£0.044
—0.650 2348+ 1.05 1.053 +£0.047
—0.750 2197+ 1.15 1.022 +0.054
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Fig.1. The differential cross section divided by the QED expec-
tation for the reaction e* e~ —e* e~. The curve shows the fit to
the data of the GWS theory with sin? 8, =0.27

contributions from p pairs (~5%) and t pairs
(~1%) were subtracted on a statistical basis. The
data were corrected for detector losses and QED
radiative effects to order o* 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 6 were less than 19, and
were added in quadrature to the statistical errors.
For cross section determinations the systematic er-
rors amounted to +3.59 for the overall corrections

and +4.59% for the luminosity measurement derived
from small angle Bhabha scattering.

Values of the differential cross section are listed
in Tablel. In Fig.1 we show the differential cross
section as function of cosf divided by the QED
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,

F(s)=1F 6
=1 ©)
=1F (7)
where s=W? and t= —% (1 —cosf). Lower limits on

the cut off parameters A, are given in Table2a.

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)-(iti)
above are listed in Table 2a. Within the GWS theory
we obtain sin?0,, =0.28"9-13. 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 g2
and g2 are strongly correlated due to the t-channel
exchange diagrams.

Table 2a. Results on QED and electroweak parameters from the
reactions e* e~ —e* e~ and et e~ —put u at an average energy
W=345GeV. Where two errors are quoted, the first gives the
statistical, the second the systematic uncertainty. Otherwise the
error given includes both uncertainties

ete —>ete” ete —-pu*pu~ Combined
analysis
gmeas/gQED 0.985+0.013 1.002+0.020 -
+0.045 +0.035
ALP >155GeV >222GeV —
(95 % lower limit)
AQED >251 GeV > 187 GeV -
(959 lower limit)
. s +0.10
sin® 8, 028 014 0.26 +0.10 0.27+0.07
i —0.15+014 —0014+0.09 —0.034+0052
g 0.01+0.16 0.27 +£0.06 0.220 +0.054
8v - - 0.000+0.170
2a - - —0.4814+0.055
¢ —0.010 -0.002 —0.009+0.013
+0.025 +0.020
959 upper limit  <0.032 <0.029 <0.013

on ¢
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Table2b. Comparison of electroweak parameters from different experiments [7]. Where two errors are quoted, the first gives the
statistical, the second the systematic uncertainty. Otherwise the error given includes both uncertainties

Experiment w A, g2 gl sin? 0,
(GeV)

CELLO® 342 —0.064+0.064 0.17+0.17 - 025+0.13
JADE® 335 —0.128+0.038 +0.01 036+0.11 0.05+0.08 02602
MARK J* 346 —0.106+0.023 +0.01 0.28+0.06+0.03 0.0140.05+0.06 024+0.11
PLUTO® 347 —~0.134+0.031+001 035+0.08 - -

MAC? 29.0 —0.079+0.018 %0003 031008 003£0.16 -
TASSO*® 345 — 0,098 0,023 +0.005 0.220+0.054 ~0.034+0.052 0274007

2 QED radiative corrections for u pairs include only y exchange diagrams. Values for g from p* p~ pair data and for sin* @, from e* e”
pair data

® QED radiative corrections for p pairs include only y exchange diagrams. Values for g3 and g§ from p* u~ pair data and for sin? g,
from et e~ pair data

© QED radiative corrections for u pairs include 7 and Z exchange diagrams. Values for g3 and g2 from u* p~ pair data and for sin? 0y,
from combined e* e~ and p* u~ pair data

¢ QED radiative corrections for g pairs include y and Z exchange diagrams

¢ QED radiative corrections for g pairs include y and Z exchange diagrams. Values for g, g% and sin’#6,, from combined e* e~ and
ut u~ pair data

et e — ”— 120 T T T 7 1

Foa) -
The data sample contains 2673 u* u~ events. In the RN el TASSO
u pair analysis at least one track was required to be 5 g W 3500
identified as a muon by the muon chambers or the E &
liquid argon calorimeter [S]. Both identification ~: 60
methods gave the same results within statistics. The 8 i
data were corrected for detector losses and higher ol Lo -
order QED effects using the Monte Carlo program “L" - 1
of Berendsetal. [11]. The radiative corrections in- - 7
clude QED contributions to order o® for the photon o T R R S R
and Z° exchange diagrams. For the TASSO accep- a -08 -06 -04 -02 00 02 04 06 08
tance these radiative effects introduce a positive for- cos©
ward-backward charge asymmetry of +0.023. If only T T T T T 7 T
QED diagrams (y exchange) were considered the Mo bl eter —pt @Aiigev T

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%. It includes trigger and track reconstruction
(+0.1%), background sources (+0.1%) and accep-
tance calculations (0.4 %)), but no uncertainty for L L L L L L L
radiative corrections. For cross section determi- b -08 -06 -04 -02 cé’f 6 0z 04
nations the systematic errors are +2.59% from the

[
T
1

do e /dQ [da%E/aQ
S 5
T T
1

o
(23]
1

Fig. 2. a The differential cross section for the reaction e*e™ —»p*p~.

overall detection efficiency and +3.09% 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 corrections to the asymmetry were estimated by
Wetzel [12] to be +0.002, while Deckeretal. [12] estimate
—0.006

The dashed line shows the QED expectation, the full line shows
the result of the fit with 4,,=—0.098. b The differential cross
section divided by the QED prediction for the reaction
e* e~ - p* u~. The curve shows the fit to the data of the GWS
theory with sin? 8, =0.27

The differential cross section s-do/dQ 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 do/dQocl+a-cosf +cos?6
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Table3. Cross section of e*e”—pu* u~ at W=345GeV. The
errors include statistical and systematic uncertainties apart from
an overall normalization of +3.0%

{cos B> s-do/dQ gmeas /gD
(GeV?.nb/steard)
0.70 7.054+0.43 0.911 +0.061
0.50 5.79+0.36 0.891 40.062
0.30 5434+0.30 0.958 +0.055
0.10 5.03+029 0.957 +£0.057
—0.10 5.46+0.31 1.040 +0.057
—0.30 6.074+0.32 1.0714+0.054
—0.50 7.434+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,,=2a=—0.098+0.023 +0.005.

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

A= =2710 g gl ®)
In the standard theory, assuming M,=95GeV, one
gets ASYS=—0093 at W=345GeV. From the
asymmetry measurement we derived the product of
the axial vector coupling constants g§-gh=0.26
+0.06. Taking g%=—0.5144+0.058 from the com-
bined neutrino electron data the axial vector cou-
pling of the muon can be extracted as gh= —0.51
+0.13. The axial vector couplings for both leptons
are the same within errors as expected from e¢—pu
universality. Using (5) with I, =% and p=1 one gets
I, =001+0.13. These results are in very good
agreement with the GWS theory, which predicts g4 =
—3 and I%, =0. Within the GWS theory a one para-
meter fit gives sin? #,, =0.26+0.10. Results of fits to
determine the clectroweak parameters are given in
Table2a. They are in good agreement with results
obtained from other experiments (Table 2b).

Combined Analysis of et ¢~ and u* g~ Pairs

Assuming lepton universality a combined analysis of
eTe"—mete” and ete —-utu~ 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

1 e

» sl Ceeten T | TASSO ]
| 95% c.l. contours ]
06 3 .
04 : + : J
02+ r 1
Oﬂ—.—»—é%%% et
-2k V{ i ]
-0l o ‘
-06-_ $ O X0z O o sinQ,, —1
8 ve L 1
-08r 2
-1 i P TS U T S B RN I M ST T BT
-1 -08 -06 -04 -02 0 02 04 06 08 1
9y

Fig.3. Results of a fit to g, and g, with 959 cl. contours. The
shaded areas show the two solutions from ve experiments

The results of fits to the different assumptions
(1)-(i11) are summarized in Table2a. The data are
well described by the standard theory yielding a
value of sin? 8, =0.27+0.07. In Figs. 1 and 2b a fit
to the differential cross sections is shown for sin? 8,
=0.27. The determination of g, and g, leads to two
solutions. They are displayed in the g, —g, plane of
Fig. 3 together with the combined neutrino electron
scattering data. Using the neutrino data to resolve
the sign ambiguity we obtain g,=0.000+0.170 and
g,= —0.481 +0.055. The agreement between our re-
sults and the ve data is good although the squared
momentum transfers differ by more than four or-
ders of magnitude viz. Q2%(ve)<0.1GeV? and
Q*(e* e7)>10°GeV2 For the right-handed isospin
assignment we find I,;=—0.0194+0.055, a value
well compatible with zero. Taking I,;=0 and I, =
—1/2 we obtain p=0.93 +0.22 from (5).

These results are in excellent agreement with the
GWS theory, which predicts gy = —0.04 (for sin’ 8,
=0.23) and g,= —% and assumes the leptons to be
grouped in left-handed doublets (I} =%) and right-
handed singlets (I,=0). Assuming the standard
theory and sin®0,,=0.23 an upper limit on the para-
meter ¢ was found to be ¢<0.013 (95% c.l.).

Our results are in good agreement with other
e’ e~ experiments. In Table2b 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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Fig.4a-c. The differential cross section divided by the prediction
of the standard theory for the reaction e* e~ —»e* e~. The curves
show possible contributions from composite models for a left-
handed or right-handed coupling, b vector coupling and ¢ axial
vector coupling

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

g .. . .
L= YL {nLLiLJo+ Mredr Jr + 2L iR JL)- 9)
+

The parameter A characterizes the mass scale of
compositeness and is defined such that g?/4m=1.
The overall sign of the interaction is indicated by
the subscripts + of the parameter A. j; and j; are
left- and right-handed currents and the coefficients #
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Fig.5a-c. The differential cross section divided by the prediction
of the standard theory for the reaction e* ¢™ — u* p~. The curves
show possible contributions from composite models for a left-
handed or right-handed coupling, b vector coupling and ¢ axial
vector coupling

take only values of either O or =1 (e.g. ;. =1, gg
=g =0 for LL coupling or #;; =#gg=#g =1 for
VV coupling). Interference with the standard pro-
cesses (y 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 p pair production
such an interaction requires e and y 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® 6y,
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Tabled. Lower limits (95%, cl) on A, parameters in composite
models for left-handed (L), right-handed (R), vector (V) and axial
vector (A) couplings

Coupling e*e” —ete~ ete —oputu~

A, A_ A, A_
LL 0.70 TeV 1.94TeV 213TeV  2.65TeV
RR 0.70 TeV 1.94TeV 211TeV  262TeV
\AY 1.86TeV  291TeV 343TeV  437TeV
AA 195TeV  228TeV 3.05TeV 3.40TeV

=0.23. In Figs. 4 and 5 we show the sensitivity of
the Bhabha and p 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 1-4TeV
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 g?/4n. Note also that at present
energies LL and RR couplings are indistinguishable.

Summary

In conclusion the analysis of the reactions
ete —eTe” and et e > put pu~ at a cm. energy of
34.5GeV has lead to improved results on the lep-
tonic electroweak coupling constants. The results are
in agreement with other ete~ experiments at
PETRA and PEP [7] and with low energy neutrino
electron scattering experiments [4]. They confirm
the standard theory predictions and complement the

£ 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.
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Appendix

In this section a short summary on the data analysis
for the reactions e" e~ —eTe™ and ete -yt u-
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.

Event Selection Criteria

The selection of two prong events
through the following cuts:

proceeded

ete —ete™ ete -utu

a) Selection of
two oppositely
charged tracks

b) Acollinearity angle E<10°
c) Polar angle |cos 8] <0.80
d) Momentum P>02p0m P>05p00m
Z p > 07 pbeam
e) Vertex restriction
1 beam |do| <0.6 cm ldy|<0.4cm
| beam |z]<7.5¢m |zl<4.0cm

f) Time of flight —3.0<mess _gpred <) Ong

For the Bhabha event analysis no electron identifi-
cation was required. In this data sample background
from two-photon processes e* e~ —e* e~ [T 1™ and
cosmic rays is negligible. The contribution from p
pairs (5%, overall and 209, in the backward hemi-
sphere) and 7 pairs (1 9;) was subtracted bin by bin
taking our measured angular asymmetry into ac-
count.

Events were classified as u pairs if at least one
track

(i) penetrated the iron absorber and had as-
sociated hits in 23 out of 4 muon chambers
or (ii) deposited less than 1.5GeV 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
ete"—eTe utu and ete  —et e were found
to be negligible; the background from cosmic rays
amounted to 0.3% while t pairs yielded a back-
ground of 2.0%.

Efficiencies and Resolutions

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 Y% 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 multihadron events,
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Fig.6. The normalized reciprocal momentum R=p, . /p plotted
for forward (R;) and backward (R,) muons in the reaction
et e —>ptu~ at W=345GeV. The sign of R is the charge
determined from the track curvature

two-photon events e* e~ —»e*e” u* = and cosmic
rays. Within our statistics no forward-backward
asymmetry was observed at a level of 19

(2) Poor momentum measurement or a twist of
the central drift chamber could lead to a wrong
charge assignment for both tracks simultaneously.
To control this effect we studied the correlations of
the charge weighted reciprocal momenta of forward
versus backward going muons [5]. The distribution
of 2690 u pairs shown in Fig. 6 contains 7u* u* and
10~ u~ pairs. This leads to a charge confusion
probability of (0.34+0.1)% per track. From the den-
sity around the origin the correlated charge flip
probability was estimated to be less than 10~3. This
implies that the curvature measurements of the two
tracks are independent from each other. These num-
bers are also consistent with those derived from the
momentum resolution ¢,/p=0.016-p, (p in GeV/c).

Acceptance Calculations

The acceptance functions used to correct the mea-
sured angular distributions were calculated by Mon-
te Carlo using the event generators of Berends et
al. [16]. Electrons were simulated with the EGS
code [17] and good agreement with the data was
obtained. We estimate the overall uncertainty due to
shower corrections in the bin-to-bin polar angle ac-
ceptance to be less than 1%, Muon tracks were
projected into the muon chambers and liquid argon

T T T T T T T T T3

TASSO
34.5GeV

w
o
T 7T

T

Number of entries

g (degr'ees)

Fig.7. The observed acollinearity distribution for the reaction
et e~ > u* p~. The histogram shows the QED prediction includ-
ing radiative corrections up to order o

calorimeter taking all detector effects into account.
The acceptance is a rapidly varying function in the
polar angle range 0.5<|cos]<0.8. Different pro-
cedures for calculating the acceptance were used;
they produce a maximum change in the asymmetry
of +049%, Higher order QED processes induce
angular asymmetries which are dependent on the
experimental selection criteria. Radiative corrections
up to order «® were calculated as described in the
text and were found to agree well with the experi-
mental data. As an example we show in Fig. 7 the u
pair acollinearity distribution.

Cross Section Formula

The cross sections were evaluated using the formula
of [18] for the electroweak interaction and extended
by the authors of [13] for composite models. For
Bhabha scattering with unpolarized beams the cross
section can be written in the following form

%=g—z{431+32(1—cos9)2+33(1+cos0)2} (A1)
with
= rre-ape ™
Bz='1+(g%—gi)x+"o‘zzf .
B,=1 1+§+(gv+gA)2 (§5+x)+2;7§1§5 2
Al (e Sl
_GFMé N
X_2 2noc'S—M§+iMZF’
é__GF'Mé t

TV 2ma E—MZ+iM, T
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Gy is the Fermi constant, M, and I' the mass and
width of the Z° boson. In the GWS theory the weak
couplings are given by gy=—1 (1-4sin’#0,) and g,
= —3. Extended models can be described by replac-
ing g3 by g7+4c. Composite models are tested by
allowing some of the coefficients # to be unequal to
zero and the mass scale A to be finite. From formula
(Al) the cross section for u pair production can
easily be derived by setting all terms with s/t to zero.
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