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Abstract

The total and differential cross sections of the process eqey™ng with nG2 are measured using data collected by the
'L3 experiment at centre-of-mass energies of s s183 and 189 GeV. The results are in agreement with the Standard Model

expectations. Limits are set on deviations from QED, contact interaction cut-off parameters and masses of excited electrons.
q 2000 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

q y Ž . Ž .The process e e ™gg g , where g denotes
possible additional photons, is described very accu-
rately by QED. The experimental signature of these
events is clean, and they can be selected with negli-
gible background. Therefore, this process is well
suited to test QED and to look for new physics
phenomena, whose expected contributions grow with

'the increase of the centre-of-mass energy, s .
In this paper, the results on the study of the

q y Ž .process e e ™ng nG2 are presented. The anal-

1 Also supported by CONICET and Universidad Nacional de
La Plata, CC 67, 1900 La Plata, Argentina.

2 Also supported by Panjab University, Chandigarh-160014,
India.

3 Deceased.
4 Also supported by the Hungarian OTKA fund under contract

numbers T22238 and T026178.
5 Supported by the German Bundesministerium fur Bildung,¨

Wissenschaft, Forschung und Technologie.
6 Supported by the National Natural Science Foundation of

China.
7 Supported by the Hungarian OTKA fund under contract num-

bers T019181, F023259 and T024011.
8 Supported also by the Comision Interministerial de Ciencia y´

Tecnologıa.´

ysis is performed on the data sample collected by the
'w xL3 detector 1 during 1997 and 1998, at s s

'Ž .182.7 GeV 183 GeV hereafter and s s188.7 GeV
Ž .189 GeV hereafter respectively. The integrated lu-
minosities for each sample are 54.8 pby1 and 175.3
pby1, respectively. Previous results have been pub-

w xlished by L3 at lower centre-of-mass energies 2–4
w xand by other experiments 5 .

2. Event selection

The analysis performed on these data is similar to
w xthat reported in previous papers 4 . A photon candi-

date is defined as:
Ø A shower in the electromagnetic barrel or end-cap

calorimeters with energy larger than 1 GeV. The
profile of the shower must be consistent with that
of an electromagnetic particle.

Ø The number of hits in the vertex chamber within
an azimuthal angle of "88 around the direction
of the photon candidate must be less than 40% of
the expected number of hits for a charged parti-
cle.
To select an event there must be at least two

photon candidates with polar angles u between 168g
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Table 1
Number of observed, N , and expected, N , events with 2, 3obs exp

and 4 photons

' 's s183GeV s s189GeV

N N N Nobs exp obs exp

2g 436 453 1302 1346
3g 23 24 72 69
4g 1 0.04 0 0.1

and 1648 with an angular separation of more than 158

and no other activity in the detector. In addition, to
q yreject e e ™nngg and cosmic rays, we require

that the sum of the energies of the photon candidates
'be larger than s r2.

The only expected backgrounds are eqey™
q yŽ . q y q yŽ .e e g and e e ™t t g . These contributions

are estimated from Monte Carlo simulations using
w x w xBHWIDE 6 for Bhabha events and KORALZ 7

for t events, and are found to be negligible. The
acceptance is computed applying the same analysis

q y Ž .to a sample of e e ™gg g events generated using
3 w xan order a Monte Carlo generator 8 passed

w xthrough the L3 simulation 9 and reconstruction
programs. The selection efficiencies to detect at least
two photons inside the fiducial volume are found to

'Fig. 1. Display of an event with four detected photons at s s
183GeV.

'be 68.8"0.2% at s s183 GeV and 68.0"0.2%
'at s s189 GeV for 168-u -1648, where theg

errors quoted are the statistical errors of the Monte
Carlo sample. The efficiency of the calorimetric
energy trigger is estimated to be above 99.7% for
both samples. It is estimated by using a sample of
Bhabha events, which has an independent trigger for
charged particles.

3. Analysis

'A total of 460 events at s s183 GeV and 1374
'events at s s189 GeV are selected. They are clas-

sified according to the number of isolated photons in
168-u -1648, as presented in Table 1, togetherg

with the number of expected events. Fig. 1 shows

Fig. 2. Distribution of the acollinearity angle between the two
q y 'Ž .most energetic photons in the e e ™gg g process at s s

'Ž . Ž .183GeV top , and s s189GeV bottom .
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'one event with 4 detected photons at s s183 GeV.
No events with 5 or more photons in this angular
range have been observed. For the two most ener-
getic photons, the acollinearity angle distribution is
shown in Fig. 2, and the acoplanarity angle distribu-
tion in Fig. 3.

The differential cross section as a function of the
cosu of the event is shown in Fig. 4. The polar angle
u of the event is defined as

u yu u qu1 2 1 2
< <cosus sin rsin ,ž / ž /2 2

where u and u are the polar angles of the two1 2

most energetic photons in the event. The measured
differential distributions have been corrected for effi-
ciency and higher order QED contributions using the
Monte Carlo simulation. These distributions are then
compared directly with the lowest order QED predic-

Fig. 3. Distribution of the acoplanarity angle between the two
q y 'Ž .most energetic photons in the e e ™gg g process at s s

'Ž . Ž .183GeV top , and s s189GeV bottom .

Fig. 4. Differential cross section as a function of cosu for the
q y Ž .process e e ™gg g . The points show the measurements cor-

rected for efficiency and additional photons. The solid line corre-
sponds to the lowest order QED prediction. The dashed and dotted
lines represent the limits obtained for deviations from QED,
taking into account all the L3 data at centre-of-mass energies up
to that presented in the corresponding plot.

tions. Good agreement between the data and the
QED prediction is observed.

The observed number of events corresponds to a
total cross section in the fiducial region 168-u-

1648 of:

's s12.17"0.55"0.14 pb s s183 GeV ,Ž .gg Žg .

's s11.54"0.30"0.14 pb s s189 GeV ,Ž .gg Žg .

where the first error is statistical and the second is
systematic. The main source of systematic error is
the uncertainty in the selection efficiency. It has been
evaluated by varying the selection cuts and taking
into account the finite Monte Carlo statistics. The
systematic error coming from the uncertainty in the
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Fig. 5. Measured cross section as a function of the centre-of-mass
energy for u between 168 and 1648 compared with the QED

'prediction. The value at s s91GeV has been extrapolated to this
w xangular range from the one given in 2 . The bottom part of the

figure presents the relative deviation of the measurements with
respect to the QED expectations.

Ž .measured luminosity "0.2% and in the back-
Ž .ground present in the sample -0.5% are found to

be negligible. The statistical error dominates in the
measurement of the cross section both at 183 GeV
and at 189 GeV. The QED predicted cross sections

w xare 12.65 pb and 11.78 pb 8 respectively, in agree-
ment with the measurements.

These cross sections and previously measured
w xvalues 2–4 together with the QED prediction, are

presented in Fig. 5 as a function of the centre-of-mass
energy.

4. Limits on deviations from QED

The possible deviations from QED are
parametrised by effective Lagrangians, and their ef-
fect on the observables can be expressed as a multi-
plicative correction term to the QED differential
cross section. Depending on the type of Lagrangian,

w xtwo general forms are considered 10 :

ds ds s2 1
2s 1q sin u , 1Ž .4ž / ž /dV dV a LQED

and

ds ds s3 1 sin2u
s 1q .

X2 6 2ž / ž /dV dV 32pa L 1qcos uQED

2Ž .

The correction factors depend on the centre-of-mass
energy, the polar angle and the scale parameters L,
L

X which have dimensions of energy. A more stan-
dard way of parametrising the deviations from QED
is the introduction of the cut-off parameters L"

w x11 . The differential cross section can be obtained
Ž . 4 Ž . 4from Eq. 1 by replacing L by " 2ra L ."

Limits on the different scale parameters have
w xalready been set in our previous publications 3,4 .

However, since the sensitivity to possible deviations
from QED increases rapidly with the centre-of-mass
energy they are superseded by the present data. In
order to quantify the possible deviations from QED
we perform a maximum likelihood fit to the differen-
tial cross sections at each centre-of-mass energy. The
estimated parameters combining the present results

w xwith those in our previous analyses 3,4 are:

1
q0 .054 y11 y4s y0.019 =10 GeV ,Ž .y0 .0384L

1
q0 .131 y16 y6s y0.048 =10 GeV ,Ž .y0 .092X6

L

consistent with no deviations from QED. To deter-
mine the confidence levels, the probability distribu-
tion is normalised over the physically allowed range
of the parameters. At the 95% C.L. the following
limits are obtained:

L)1304 GeV,
L )321 GeV,q

L
X
)703 GeV,

L )282 GeV.y

The effects of L in the differential cross section"

can be seen in Fig. 4. In this case, the parameters
L have been fixed to the limits values quoted"

before.
Ž ) .The existence of excited electrons e would

also introduce deviations from the QED predictions
Ž .in the gg g final states. The excited electron, of

mass m ) , couples to e and g via two possiblee
w xinteractions. The first is purely magnetic 12 ,

e
mn

)LLs C s C F qh.c.,e e mn
)2 Le

w xand the second is a chiral-magnetic one 13 :
e

mn 5
)LLs C s 1"g C F qh.c.Ž .e e mn

)2 Le
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In both cases we fit the excited electron mass fixing
the interaction scale L ) to m ) , obtaininge e

1
q0 .143Purely Magnetic: s y0.052Ž .y0 .1044

)me

=10y9 GeVy4 ,
1

q0 .383Chiral-Magnetic: s y0.135Ž .y0 .3524
)me

=10y9 GeVy4 .
From them we derive the 95% C.L. lower limits of:

Purely Magnetic: m ) )283 GeV,e

Chiral-Magnetic: m ) )213 GeV.e
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