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Abstract. Cross sections for the reactions 
e + e-  ~ e + e-  (Bhabha scattering) and e + e-  --, 77 are 
measured for center-of-mass (c.m.) energies l f s  be- 
tween 12.0 and 34.6 GeV. The results agree with the 
predictions of Quantum Electrodynamics (QED) and 
the cut-off parameters are determined. From Bhabha 
scattering at the highest energy, (] / )-)=34.6GeV, 
the 1~ limits 0.12<sin20w<0.38 are obtained for the 
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weak mixing angle. The higher order (e3) QED pro- 
cesses e + e - ~ e + e -  7 and e+e--- ,777 are also stud- 
ied and are found to agree with the e3 QED pre- 
dictions, A search for excited electrons is carried out 
by investigating the (e + 7) invariant mass distribution 
in the reaction e + e-  ~ e + e- 7. 

The lowest order QED processes e + e - - - . e + e  - and 
e + e - ~ 7 7  have already been studied at PETRA en- 
ergies [1, 2]. In this letter, we report on the 
measurements of these reactions with higher statis- 
tics at c.m. energies between 12.0 GeV and 34.6 GeV. 
The reaction e + e - ~ 7 7  provides a clean test of 
QED, since it is free from electro-weak effects in 
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lowest order. On the other hand, Bhabha scattering 
becomes sensitive to weak interaction effects for 

I ~ > 3 0 G e V .  The radiative corrections of order e3 
amount to several percent in the present analysis of 
the lowest order QED processes. The higher order 
QED processes e+e- - -+e+e-7  and e+e---+777 are 
also analysed in order to check the validity of the 
radiative corrections. 

The experiment was carried out with the JADE 
detector at the e+e - colliding machine PETRA at 
DESY. The JADE detector has been described pre- 
viously [1, 3]. For  the present analysis, the essential 
part of the detector is an array of 2,712 lead-glass 
shower counters which covers the polar angle re- 
gions IcosOl__<0.82 (barrel) and 0.89<1cos0]<0.97 
(end-caps). The fractional energy resolution of the 
barrel shower counters is 2 ~o for Bhabha events at 

l ~ = 3 4 G e V .  The barrel counters were used in the 
analysis of the cross sections, the normalisation be- 
ing obtained from Bhabha scattering in the end-cap 
counters. The cylindrical drift chamber (jet chamber) 
inside the lead-glass array was used to distinguish 
photons from electrons/positrons and to discri- 
minate between electrons and positrons by measur- 
ing their curvatures in the axial magnetic field of 
4.8 kG. 

The data reported here were accumulated be- 
tween autumn 1979 and autumn 1982, the total in- 
tegrated luminosity being 75.7 pb 1. The major part 
of the data, 68.9 pb -1, was taken at high energies, 

l f s > 3 2 G e V .  The QED events under study were re- 
corded using the shower energy trigger, which re- 
quired the detection of more than 4 GeV (2 GeV) in 

the lead-glass for l f s  > 20 GeV (]/s  < 20 GeV). The 
selection criteria for the events e + e - ~ e + e  - and 77 
in the barrel part were as follows: 

1) At least two clusters of shower energy were 
required in the lead-glass, each having more than 
one third of the beam energy; 

2) The acollinearity angle between the two show- 
er clusters was required to be less than 10~ 

3) Both clusters had to be in the fiducial volume 
defined by Icos01 <0.76. 

If there were more than two energetic shower 
clusters, all pairs were subjected to the above criteria 
and the event was accepted if any one of them satis- 
fied the criteria. In total, 100,316 events were select- 
ed by the above criteria. The 77 events were then 
identified by requiring that at least one of the en- 
ergetic clusters was not connected to any charged 
track in the jet chamber. (Such clusters are later re- 
ferred to as 'neutral '  clusters.) 

In order to purify the sample, we visually in- 
spected those events which had a large number of 

charged tracks and those where the connection be- 
tween charged tracks and big shower clusters was bad. 
Thus, 3.67O of the events which passed the criteria 
1)-3) above were scanned and 37 7O of these scanned 
events were rejected. The rejected events were most- 
ly e+e---+hadrons, r + r  - and e+e 7. In the e + e - 7  
case, one of the clusters in the selected pair was due 
to the photon while the other was due to the elec- 
tron or positron. After this procedure, 88,355 events 
were classified as e + e - - - + e + e  - and 10,627 as 
e+e- -*7? .  The remaining backgrounds were esti- 
mated by applying the same selection procedure to 
Monte Carlo simulated events [4, 5]. Hadronic 
background was negligibly small (<0.017o of the 
e+e - events). Background from e + e  - - + r + r  - was 

estimated to be 0.1 ~o at 1 /7=30 GeV and was sub- 
tracted statistically from the e+e events. The pro- 
cess e + e - - + e + e  7 contaminated both the e+e - and 
77 final states as follows. Events in which an ener- 
getic photon was emitted very close to the electron 
or positron direction faked the process e+e --+e+e -, 
even though the pair consisting of the electron and 
positron clusters would not have satisfied the above 
criteria; this contamination accounted for 0.3 ~o of 

the selected e+e T M  events at 1 ~ =  30 GeV. Events in 
which the electron and positron were very close to 
each other and opposite to a high energy photon 
faked the process e+e---*77 with one photon con- 
verted; we estimated that 2 7o of the selected 77 events 
were due to this process. Backgrounds from cosmic 
rays were found to be negligibly small in the select- 
ed events. 

Small corrections have been made to the data to 
allow for dead lead glass counters (<1~o), uncer- 
tainty in the absolute shower energy (< 1 7o) and los- 
ses due to small gaps between the lead glass coun- 
ters in the azimuthal angle (< 2 ~o). 

Since we allowed at most one photon to convert 
to an e+e pair in the material of the beam pipe of 
the jet chamber, we have to make a further correc- 
tion for those 77 events where both photons convert. 
The original number of 77 events was calculated 
statistically from the observed numbers of non-con- 
verted and singly-converted 77 events for each 
angular bin. 

Figure 1 shows the cross sections for the reaction 
e+e- -+77;  Fig. la  shows the total cross section in 
the region ]cos0J<0.76 while Fig. lb  shows the dif- 

ferential cross sections at l / 7 =  14, 22 and 34.6 GeV. 
Radiative corrections up to order e3 [5] have been 
applied to the data. The total systematic error on 
the cross sections was typically 3.2 7o, due mainly to 
the uncertainty in the luminosity determination. The 
data agree well with the QED predictions. Possible 
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deviations of the data from the QED predictions can 
be parametrized by the cut-off parameters A +  [6] 
as follows: 

d~ ~ lq-x2 [ $2 1 
d~2-  s 1 - x  2 1 - F 2 ~ + 4 ( 1 - x  2) , 

where x = cos 0. 

The data at the highest energy, ( 1 ~ ) =  34.6 GeV, 
were used to obtain the 95 % confidence level lower 
limits A + > 61 GeV and A -  > 57 GeV. In estimating 
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Fig. l. a Integrated cross sections for the reaction e+e -+77 in 
the region Lcos01<0.76 for c.m. energies between 12GeV and 
34.6 GeV. The curve is the QED expectation, b Differential cross 
sections for the reaction e+e---*77 for c.m. energies 14.0, 22.0 and 
34.6 GeV. The lines show the QED expectations, e The ratio of 
the measured differential cross section to the lowest order QED 
prediction for the reaction e + e---,77. The solid curves show the 
expectations with the cut-off parameters A _+ = 50 and 60 GeV 

these limits, the overall normalisation was allowed 
to vary within the total systematic error on the cross 
section. The ratio of the measured differential cross 
section to that of lowest order QED is plotted in 
Fig. l c together with the expectations for A +  =50  
and 60 GeV. 

As was stated previously, the jet chamber was 
used to distinguish between the final state particles 
in the reaction e+e---*e+e -. When a big shower 
cluster was connected with more than one charged 
track, the charge of the highest momen tum track 
was used. In some cases, however, one of the pair 
was assigned the wrong charge, resulting in a doubly 
positive or negative pair. This charge mis-assignment 
was mainly due to showering effects in the beam 
pipe material, although it was also partly due to the 
finite momentum resolution of the jet chamber. The 
probability of charge mis-assignment was typically 
4~o and it was corrected statistically for each 
angular bin. 

Doubly converted 77 events were subtracted sta- 
tistically (<0.3 ~o of the e § e -  events). After applying 
radiative corrections [5] to the data, we obtain the 
integrated cross sections for the region I cos 01< 0.76 
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which are shown in Fig. 2a and the differential cross 
sections shown in Fig. 2b. 

There is excellent agreement between the data 
and the QED predictions. In order to express this 
agreement in terms of a cut-off parameter A, we in- 
troduce a hypothetical modification [7] of the pho- 
ton propagator (1/q 2) by multiplying it with the 
form factor 

F(q 2) = 1 -T- q2/(q2 _ A +2), 
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Fig. 2. a In teg ra ted  cross sect ions for the reac t ion  e + e ~ e + e -  in 
the region j cos01<0 .76  for c.m. energies between I 2 G e V  and 
34.6 GeV. The curve is the Q E D  expectat ion,  b Differential  cross 
sect ions for the react ion e+e  ~ e + e  - for c.m. energies 14, 22 and 
34.6 GeV. The  lines show the Q E D  expectat ions,  c The rat io  of 
the measu red  differential  cross sect ion for the reac t ion  
e+e  --*e+e - to the lowest  o rder  Q E D  predict ion.  The  sol id  curve 
shows the expec ta t ion  from the s t andard  e lec t ro-weak theory wi th  
sin z 0 w = 0.26 

where q2 is the square of the invariant mass of the 
virtual photon. Then the differential cross section is 
given by 

d a _ e 2  [ 1 0 + 4 x + 2 x  2 
FZ(t) 

dr2 4s [ ( l - x )  2 

2(1 
1--X -]- X)2 F(S)  F(t) + (1 §  2) F2(s)] 

where t is the square of the 4-momentum transfer 
between the incoming and outgoing electron (posi- 
tron) and is given by t = - s ( 1 - x ) / 2  in the high en- 
ergy limit. 

The 95 % confidence level lower limits on A +  
and A -  were found to be 178 GeV and 200GeV, 
respectively. In estimating the cut-off parameters, the 
electro-weak effect was subtracted, assuming sinZ0w 
=0.228 [-8]. Changes in the luminosity due to non- 
infinite A values were taken into account in the Z 2 
fit. 

Electro-weak interference effects in Bhabha scat- 
tering were studied in the context of the standard 
model, with sin20w as the only parameter [9]. As in 
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Fig. 3. a Photon energy distribution for the reaction e+e --*7~7, normalised to the beam energy, b Opening angle distribution between 
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energy, d Opening angle distribution between electron and positron for the reaction e + e-  ~ e + e-7- The histograms show the predictions 

of the order c~ 3 QED 

the study of the cut-off parameters, only the highest 
energy data were used. The interference effect is 
rather small in Bhabha scattering. Thus, the fit could 
only limit the Weinberg angle to the range 
0.12<sin2~gw<0.38 at the 68 % confidence level. The 
effect of the electro-weak interference on the lumi- 

nosity determination was taken into account in the 
Z 2 fit. The ratio of the differential cross section to 
that of lowest order QED is shown in Fig. 2c to- 
gether with the prediction of electro-weak interfer- 
ence with sin2~w=0.26, the value which gives the 
minimum Z 2 in the above analysis. 
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Fig. 4. a Invariant mass distribution of the (e~+7) system in the 
reaction e +e---* e +e-7  (2 entries/event). The histogram shows the 
prediction of the order c~ 3 QED. b The 95 ~ confidence level up- 
per limit for the coupling constant 2 as a function of the excited 
electron mass M. These results are obtained from a. The smooth 
curve shows the 95 % confidence level upper limit on 2 obtained 
from the reaction e+e---*77 

Some models I t0,  113 differ from the standard 
electro-weak model in that they predict the existence 
of two neutral gauge bosons, leading to a modified 
vector coupling constant of the form 

v 2 = (1 - 4 sin 2 0~) 2 + 16 C. 

The axial coupling is still given by a 2 =  1, as in the 
standard model. 

With sin20~,, fixed to 0.228 [8], the following up- 
per limit on C was obtained: 

C <0.031 (95 ~o C.L.). 

In the above analyses of the lowest order QED 
processes e + e - - ~ e  + e -  and 77, radiative corrections 
up to order ~3 were applied. To check the validity of 
the radiative corrections, the higher order QED pro- 
cesses e + e - - - * e + e - 7  and 777 were studied. The se- 
lection criteria for these reactions were as follows: 

1. At least three shower clusters were required in 
the barrel lead glass counters (Icos 01<0.77). The 
biggest two clusters (third cluster) should have more 
than 1/3 (1/10) of the beam energy, and the sum of 
the three cluster energies should be greater than 
75 ~o of the c .m energy; 

2. The opening angle between any two clusters 
should be bigger than 10~ 

3. The sum of the three opening angles should 
be greater than 350 ~ . 

The last criterion required three body kinematics 
in the final state and rejected some fraction of 
e + e - 7 7  and 7777 events. When there were more 
than three clusters, all possible combinations of 
three clusters were subjected to the above criteria and 
the event was accepted if any one of them satisfied 
the criteria. Only one neutral cluster was required 
for e + e - 7  identification, while at least two neutrals 
were required for 777 identification. After visual in- 

spec t ion  of all the candidate events, 2,506 events 
were selected as e + e - 7  and 193 as 777. After small 
corrections for inefficiencies, these numbers become 
2,513_+50 and 194.6+_14.0 respectively. Doubly con- 
verted 777 events were classified as e+e 7 and sub- 
tracted statistically (0.5 % of the e § e -  7 events). Mon- 
te Carlo simulations of these order c~ 3 QED pro- 
cesses predicted that the corresponding corrected 
numbers should be 2,588 _+23 and 178.0 +4.3, respec- 
tively. Various kinematical distributions are shown 
in Fig. 3 together with the QED predictions; the ob- 
served good agreement confirms that the radiative 
corrections to the lowest order processes are correct 
within 1 ~o as far as the hard radiation is concerned. 

If there is an excited electron e*, it can be pro- 
duced in the process e + e - ~ e e  * and it will sub- 
sequently decay into e T. The e-+7 invariant mass dis- 
tribution shown in Fig. 4a displays no evidence for 
such an excited electron, allowing us to set an upper 
limit on its production cross section in the available 
mass range. The bump around 12 GeV/c 2 in Fig. 4a 
reflects the kinematical effects of the cuts on the 
opening angle and the lowest shower cluster energy. 
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The interaction Lagrangian of a spin-l/2 excited lep- 
ton can be written as [12] 

5 ~ i n " - 2 M  lauv l* FUr + h.c. 

The production cross section for e + e - - * e * + e  - is 
then given by [12], 

da _ 2 7 ~ 2 ) ' 2  [ -t2 + ( t - m 2 ) 2  4 $2-}-(s -~t M 2 ) 2 ]  

dt MZs 2 s 

where 2 is the coupling constant of e* to e7, M is 
the mass of e* and t is the square of the 4-momen- 
tum transfer between the initial positron and the 
produced e *+. 

The 95 % CL upper limit for the coupling con- 
stant 2 is shown in Fig. 4b as a function of the e* 
mass M. The existence of such an excited electron 
state would also have an effect on the reaction 
e +e --+77, the cut-off parameter  A +  being related 
to 2 and M by the relationship M 2 / 2  = AZq - [6]; the 
resulting upper limit curve for 2 is also shown as a 
function of M in Fig. 4b. The e + e -  7 analysis gives a 
much more restrictive upper limit on 2 for M less 
than 34 GeV/c 2. 

In summary, we have measured the cross sec- 
tions of the reactions e + e - ~ e + e  and 77. They 
show good agreement with the QED predictions and 
the cut-off parameters for both reactions have been 
determined. The electro-weak effects were studied in 
Bhabha scattering and the results are consistent with 
the standard model. The higher order QED pro- 
cesses e + e - ~ e + e - 7  and 777 were also studied and 
the results agree with the QED predictions of order 
e3. In the e + e - 7  events, no indication of an excited 
electron was observed in the invariant mass plot of 
the system consisting of electron/positron and pho- 

ton, yielding new limits on the coupling constant 2 
in the mass range between 1 and 34 GeV/c 2. 
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