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J. Grunhaus23, M. Gruwé8, C. Hajdu32, G.G. Hanson12, M. Hansroul8, M. Hapke13, C.K. Hargrove7, P.A. Hart9,
C. Hartmann3, M. Hauschild8, C.M. Hawkes5, R. Hawkings27, R.J. Hemingway6, M. Herndon17, G. Herten10,
R.D. Heuer8, M.D. Hildreth8, J.C. Hill5, S.J. Hillier1, P.R. Hobson25, R.J. Homer1, A.K. Honma28,a, D. Horváth32,c,
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Abstract. The process e+e− → γγ(γ) is studied using data recorded with the OPAL detector at LEP. The
data sample corresponds to a total integrated luminosity of 25.38 pb−1 taken at centre-of-mass energies
of 130–172 GeV. The measured cross-sections agree well with the expectation from QED. In a combined
fit using data from all centre-of-mass energies, the angular distribution is used to obtain improved limits
on the cut-off parameters: Λ+ > 195 GeV and Λ− > 210 GeV (95% CL). In addition, limits on non-
standard e+e−γ couplings and contact interactions, as well as a 95% CL mass limit for an excited electron,
Me∗ > 194 GeV for an e+e−γ coupling κ = 1, are determined.
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1 Introduction

This paper reports a study of the annihilation process
e+e− → γγ(γ) using data recorded with the OPAL de-
tector at LEP. At LEP energies, this is one of the few pro-
cesses having negligible contributions from the weak inter-
action. Since the QED differential cross-section is precisely
predicted in theory, deviations from the expected angular
distribution are a sensitive test for non-standard physics
processes contributing to these photonic final states.

The OPAL collaboration has previously published a
study of photonic final states, with and without missing

a and at TRIUMF, Vancouver, Canada V6T 2A3
b and Royal Society University Research Fellow
c and Institute of Nuclear Research, Debrecen, Hungary
d and Department of Experimental Physics, Lajos Kossuth
University, Debrecen, Hungary
e and Department of Physics, New York University, NY 1003,
USA

energy, at
√
s = 130–140 GeV [1]. The present analysis

concentrates on final states with two or more detected
photons, but no missing transverse momentum, to study
only the QED process. Photonic final states with missing
energy have been analysed separately [2].

Any non-QED effects described by the general frame-
work of effective Lagrangian theory should increase with
centre-of-mass energy. Existing OPAL limits on devia-
tions from QED can be improved by using the data at
centre-of-mass energies of 161.3 GeV and 172.1 GeV. A
small amount of data taken at 170.3 GeV is included in
the 172 GeV sample. The corresponding integrated lumi-
nosities of these data sets are 9.97 and 10.13 pb−1, re-
spectively. Since the selection criteria have changed, pre-
viously analysed data taken at centre-of-mass energies of
130.3 GeV (2.69 pb−1) and 136.2 GeV (2.59 pb−1) are
reanalysed here to allow for a coherent treatment. The
136 GeV sample includes a small amount of data taken at
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140.2 GeV. The error on the luminosity differs slightly for
the different energies and is approximately 0.5% .

These measurements test QED at the highest centre-
of-mass energies. Possible deviations are conveniently pa-
rametrised by cut-off parameters Λ±. A comparison of
the measured photon angular distribution with the QED
expectation leads to limits on the QED cut-off parame-
ters Λ±, contact interactions (e+e−γγ) and non-standard
e+e−γ-couplings as described in Sect. 3. The possible ef-
fects of an excited electron, e∗, which would also change
the angular distribution, are investigated. In addition, the
possible production of a resonance X via e+e− → Xγ, fol-
lowed by the decay X → γγ, is studied in the invariant
mass spectrum of photon pairs in three-photon final states.

The following section contains a brief description of the
OPAL detector and the Monte Carlo simulated event sam-
ples. Sect. 3 describes the QED differential cross-sections
for e+e− → γγ(γ), as well as those from several models
containing extensions to QED. In Sects. 4–6 the analysis
is described in detail. The results are presented in Sect. 7.

2 The OPAL detector and Monte Carlo
samples

A detailed description of the OPAL detector can be found
in [3]. OPAL uses a right-handed coordinate system in
which the z axis is along the electron beam direction
and the x axis is horizontal. The polar angle, θ, is mea-
sured with respect to the z axis and the azimuthal an-
gle, φ, with respect to the x axis. For this analysis the
most important detector component is the electromag-
netic calorimeter (ECAL) which is divided into two parts,
the barrel and the endcaps. The barrel covers the polar
angle range of | cos θ| < 0.81 and consists of 9440 lead-
glass blocks. The endcaps cover the polar angle range of
0.81 < | cos θ| < 0.98 and consist of 1132 blocks. In this
analysis, the central tracking detector is used primarily to
reject events inconsistent with purely photonic final states.
Raw hit information from the vertex drift chamber (CV)
and jet drift chamber (CJ) is used to reject events with
tracks coming from the interaction point. CV is divided
into 36 φ-sectors and its inner 12 (6) axial layers cover an
angular range of | cos θ| < 0.95(0.97). CJ is divided into
24 φ-sectors and covers an angular range of | cos θ| < 0.97
with its inner 16 layers. Incorporated in the surrounding
magnet yoke is the hadronic calorimeter (HCAL) covering
97% of the solid angle. The outermost detectors are the
muon chambers, shielded from the interaction point by at
least 1.3 m of iron and covering the polar angle range of
| cos θ| < 0.985.

Different Monte Carlo samples are used to study ef-
ficiency and background. For the signal process e+e− →
γγ(γ) the RADCOR [4] generator is used. It provides a
O(α3) cross section up to | cos θ| = 1 for the photon angle.
No Monte Carlo with complete fourth order is currently
available. The only program that generates four-photon
final states neglects the mass of the electron and there-
fore does not correctly include photons in the far forward

range. The Bhabha process is studied with two differ-
ent programs. BHWIDE [5] generates both electron and
positron in the acceptance of the detector. In contrast,
TEEGG [6] allows one of them to have very low energy
or escape along the beam-pipe, in addition, one photon is
scattered into the detector. The process e+e− → ννγ(γ)
is studied with NUNUGPV [7] and KORALZ [8]. Both
e+e− → µ+µ− and e+e− → τ+τ− are simulated using
KORALZ [8] and PYTHIA [9] is used for hadronic events.
All samples were processed through the OPAL detector
simulation program [10] and reconstructed as for real data.

3 Cross section for the process e+e− → γγ

The differential cross-section for the process e+e− → γγ
in the relativistic limit of lowest order QED is given by
[11]: (

dσ

dΩ

)
Born

=
α2

s

1 + cos2 θ
1− cos2 θ

. (1)

where s denotes the square of the centre-of-mass energy, α
is the electromagnetic coupling constant and θ the polar
angle of one photon. Since the two photons cannot be
distinguished the event angle is defined such that cos θ is
positive.

In [12] possible deviations from the QED cross-section
for Bhabha and Møller scattering are parametrized in
terms of cut-off parameters. These parameters correspond
to a short range exponential term added to the Coulomb
potential. This ansatz leads to a modification of the pho-
ton angular distribution as given in (2).(

dσ

dΩ

)
Λ±

=
(
dσ

dΩ

)
Born

[
1± s2

2Λ4±
sin2 θ

]
(2)

Alternatively, in terms of effective Lagrangian theory, a
gauge invariant operator may be added to QED. Depend-
ing on the dimension of the operator different deviations
from QED can be formulated [13]. Contact interactions
(γγe+e−) or non-standard γe+e− couplings described by
dimension 6, 7 or 8 operators lead to angular distributions
with different mass scales Λ (see (3–5)). The subscripts
(QED+6 etc.) follow the notation in [13].(

dσ

dΩ

)
QED+6

=
(
dσ

dΩ

)
Born

[
1 +

s2

αΛ4
6

sin2 θ

]
(3)(
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dΩ

)
QED+7

=
(
dσ

dΩ

)
Born

+
s2

32π
1
Λ6

7
(4)(

dσ

dΩ

)
QED+8

=
(
dσ

dΩ

)
Born

+
s2m2

e

32π
1
Λ8

8
(5)

The definition of (3) is identical to the standard definition
(2) if Λ4

± = α
2Λ

4
6. Similarly (4) is equivalent to (5) if Λ8

8 =
m2

e Λ6
7. Therefore only the parameters of (2) and (4) are

determined by a fit to obtain limits on deviations from
QED. The limits on the other parameters can easily be
derived from these results.
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The existence of an excited electron e∗ with an e∗eγ
coupling would contribute to the photon production pro-
cess via t-channel exchange. The resulting deviation from(
dσ
dΩ

)
Born depends on the e∗ mass Me∗ and the coupling

constant κ of the e∗eγ vertex [14]:(
dσ

dΩ

)
e∗

=
(
dσ

dΩ

)
Born

(6)

+α2

{
1
2

(
κ

Me∗

)4 (
E2 sin2 θ + M2

e∗
)

×
(

q4

(q2 −M2
e∗)2

+
q′4

(q′2 −M2
e∗)2

)
+4
(

κ

Me∗

)4
M2

e∗ E
4 sin2 θ

(q2 −M2
e∗)(q′2 −M2

e∗)

+
(

κ

Me∗

)2 [
q2

q2 −M2
e∗

+
q′2

q′2 −M2
e∗

+E2 sin2 θ

(
1

q2 −M2
e∗

+
1

q′2 −M2
e∗

)]}
,

with the beam energy E =
√
s/2, q2 = −2E2(1 − cos θ)

and q′2 = −2E2(1 + cos θ). In the limit Me∗ �
√
s, the

mass is related to the cut-off parameter by Me∗ =
√
κ Λ+.

4 Event angle definition and radiative
corrections

For the process e+e− → γ1γ2 the polar angle θ of the event
is defined by the angle between either of the two photons
and the beam direction since | cos θ1| = | cos θ2|. This is a
good approximation for most of the events under consider-
ation, since additional photons tend to be soft. For many
events, however, there is a third energetic photon and thus
| cos θ1| 6= | cos θ2| in general. Several angle definitions are
possible to characterize an event. The following two are
considered:

cos θav =
| cos θ1|+ | cos θ2|

2
, (7)

cos θ∗ =
∣∣∣∣sin θ1 − θ2

2

∣∣∣∣
/

sin
θ1 + θ2

2
, (8)

where θ1 and θ2 are the polar angles of the most energetic
photons. Both cos θav and cos θ∗ are identical to | cos θ| for
two-photon final states. For three-photon events in which
the third photon is along the beam direction, θ∗ is equiv-
alent to the scattering angle in the centre-of-mass system
of the two observed photons.

Figure 1 shows the ratio of the angular distributions
using both cos θav and cos θ∗, relative to the Born cross
section as derived using an O(α3) e+e− → γγ(γ) Monte
Carlo generator [4]. The event angles are calculated from
the two photons with the highest generated energy. The
comparison is made at the generator level, i.e. without
detector simulation and efficiency effects. It can be seen
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Fig. 1. Ratio of the differential cross-section for the e+e− →
γγ(γ) Monte Carlo sample relative to the Born cross-section,
R =

(
dσ
dΩ

)
MC

/
(
dσ
dΩ

)
Born

. R is shown here for both angular
definitions cos θav (7) and cos θ∗ (8). The event angle is calcu-
lated from the two photons with the highest generated energy

that the distribution of cos θav (7) shows large deviations
from the lowest order (Born) distribution for much of the
cos θ range. For this analysis cos θ∗ (8) is chosen because
it better matches the shape of the Born distribution over
the range cos θ∗ < 0.9 considered in this analysis.

5 Event selection

Events are selected by requiring two or more clusters in the
electromagnetic calorimeter (ECAL). A cluster is selected
as a photon candidate if it is within the polar angle range
| cos θ| < 0.97. The cluster must consist of at least two
lead-glass blocks, with a combined ECAL energy deposit
exceeding 1 GeV uncorrected for possible energy loss in
the material before the ECAL. Events with a photon can-
didate having five or more reconstructed clusters within a
cone with a half-angle of 11.5◦ are rejected. This isolation
criterion helps to reduce some instrumental background.

There are two major classes of background remaining
to the γγ(γ) signature. The first can be identified by the
presence of primary charged tracks. Bhabha events, for ex-
ample, have similar electromagnetic cluster characteristics
as γγ(γ) events, but are normally easily distinguished by
the presence of charged tracks. The second class consists
of events without primary charged tracks. Certain cosmic
ray events and the Standard Model process e+e− → ν̄νγγ
contribute to this background.

5.1 Neutral events

Events having only photons in the final state are classi-
fied as ‘neutral events’. They should not have any charged
track consistent with coming from the interaction point.
The rejection of all events having tracks in the central
tracking chambers CV or CJ would lead to an efficiency
loss because of converted photons. Nevertheless, contribu-
tions from any channel with primary charged tracks should
be reduced to a negligible level.

To reject events with primary charged tracks while re-
taining efficiency for converted photons, only the inner
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part of the drift chambers are considered. First, the corre-
lation between the observed clusters and charged hit ac-
tivity in both drift chambers is used. Hits are counted in
the φ-sectors of CV and CJ which are geometrically asso-
ciated to each cluster. A correlation is assigned to a cluster
if there are more than a given number of wires with hits
in the associated φ-sector.

– A CV correlation is assigned if there are at least m
wires with hits in the n CV layers nearest to the beam-
pipe (denoted by m/n), depending on cos θ of the clus-
ter:

Cut on m/n cos θ region
6/12 0. < | cos θ| < 0.75
5/8 0.75 < | cos θ| < 0.95
4/6 or 5/8 0.95 < | cos θ| < 0.97

– A CJ correlation is assigned if there are at least 12
wires with hits in the inner 16 CJ layers, independent
of the cluster polar angle.

Two vetoes are defined using combinations of these hit
activity correlations in CV and CJ. A third veto tests for
reconstructed charged tracks not correlated with either of
the clusters. Any of the three vetoes rejects the event.

– The single veto requires that both the CV and CJ
correlation are assigned for any cluster.

– The double veto requires that for each of the two
highest energy clusters either the CV or CJ correlation
is assigned.

– The unassociated track veto requires that there be
no reconstructed track with a transverse momentum of
more than 1 GeV and at least 20 hits in CJ, separated
by more than 10◦ in φ from all photon candidates.

5.2 Cosmic ray events

A cosmic ray particle can pass through the hadronic and
electromagnetic calorimeters without necessarily produc-
ing a reconstructed track in the central tracking chambers.
Events of this type are rejected if there are 3 or more hits
in the muon chambers. In the case of 1 or 2 muon hits
the event is rejected if the highest energy HCAL cluster
with at least 1 GeV is separated from each of the photon
candidates by more than 10◦ in φ. Events are rejected if
the cluster extent in cos θ is larger than 0.4. This cut is
primarily to reject beam halo events.

5.3 Kinematic selection

The event sample is divided into three classes I, II and
III. The classes are distinguished by the number of pho-
ton candidates and the acollinearity angle ζ, defined as
ζ = 180◦ − ξ, where ξ is the angle between the two high-
est energy clusters. Different selections are applied to each
class separately, to make use of the different kinematics.
Only events with cos θ∗ < 0.9 are selected to avoid system-
atic errors due to large efficiency and radiative corrections.
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Fig. 2. Scaled sum of the two highest cluster energies for all
events with an acollinearity angle ζ < 10◦ (corresponding to
class I). The points with error bars represent the data, the
histogram the e+e− → γγ(γ) Monte Carlo expectation. The
cut on this quantity is indicated

All events having an acollinearity angle ζ < 10◦ (i.e.
the two highest energy clusters are almost collinear) be-
long to class I independent of the number of photon can-
didates. For true e+e− → γγ(γ) events in this class, the
sum of the two highest cluster energies ES = E1 + E2
should almost be equal to the centre-of-mass energy

√
s.

The distribution of ES is shown in Fig. 2. Events having
ES > 0.6

√
s are selected. This cut is well below the tail

of the energy distribution for e+e− → γγ(γ) Monte Carlo
events as shown in the figure.

Class II contains acollinear events (ζ > 10◦) with ex-
actly two observed photon candidates. Events of this class
typically contain an energetic photon that escapes detec-
tion near the beam-pipe (| cos θ| > 0.97). If the polar angle
of this photon is approximated as | cos θ| = 1, its energy,
Elost (9), can be estimated from the angles of the observed
photons θ1 and θ2. The energy sum ES is then defined as
the sum of the two observed cluster energies and the lost
energy.

Elost =
√
s

(
1 +

sin θ1 + sin θ2
| sin (θ1 + θ2)|

)−1

(9)

ES = E1 + E2 + Elost (10)

The imbalance B, defined as

B = (sin θ1 + sin θ2)
∣∣∣∣cos

(
φ1 − φ2

2

)∣∣∣∣ , (11)

provides an approximate measure of the scaled transverse
momentum of the event without using the cluster energies.
Figure 3 shows the distributions of B and ES . It can be
seen that the standard model background (mainly ννγγ)
is uniformly distributed in B whereas the signal is peaked
at low values. Also cosmic events are rejected with the
requirements B < 0.2 and ES > 0.6

√
s. Since the angular

definition discussed in Sect. 4 uses the two highest energy
photons, events are rejected if Elost exceeds the energy of
either observed photon.

Class III contains acollinear events (ζ > 10◦) having
3 or more observed photon candidates. To calculate the
transverse and longitudinal momenta (pt, pl) of the system
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Fig. 3. Event distributions for data in class II for
√
s = 130,

136, 161 and 172 GeV. Plot a shows the distribution of the
imbalance B, a measure of the scaled transverse momentum
(for definition see (11)) together with the selection cut. Plot
b shows the scaled sum of both cluster energies plus Elost after
the cut on B. The cut is indicated. The points represent the
data, the solid histogram the Monte Carlo expectation from
e+e− → γγ(γ) and the dashed histogram the Monte Carlos
expectation from background (mainly ννγγ)

the cluster energies have to be used in addition to the
photon angles. Since a non-zero longitudinal momentum
could correspond to an additional photon along the beam
direction, the energy sum ES is calculated as sum of the
cluster energies Ei and pl:

ES =
n∑
i=1

Ei + pl . (12)

Figure 4 shows the distribution of ES/
√
s versus pt/

√
s for

e+e− → γγ(γ) Monte Carlo and for the data. In the data
the e+e− → γγ(γ) events are clearly separated from the
background by the fact that they have small transverse
momenta and an energy sum around the centre-of-mass
energy. The main part of the background originates from
cosmic ray events without hits in the muon chambers. The
selection requirements ES > 0.6

√
s and pt < 0.1

√
s easily

reject these events.
No event with more than three clusters is observed.

The angle sum
∑

α is used to identify planar three-photon
events: ∑

α = αij + αik + αkj , (13)

with αij the angle between photons i and j. Seven pla-
nar events with

∑
α > 350◦ are accepted as three-photon

events and included in the sample of e+e− → γγ(γ). Two
other events are consistent with three detected photons
and an additional photon along the beam direction.

Table 1. Summary of the kinematic cuts. For definition of the
variables see the text

Event class Requirements
all cos θ∗ < 0.9
I ζ < 10◦

ES > 0.6
√
s

II ζ > 10◦

ES > 0.6
√
s

E1, E2 > Elost

B < 0.2
2 photon candidates

III ζ > 10◦

ES > 0.6
√
s

pt < 0.1
√
s

≥ 3 photon candidates
planar

∑
α > 350◦

nonplanar
∑

α < 350◦
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Fig. 4. The scaled energy sum versus the scaled transverse
momentum for class III events, for a e+e− → γγ(γ) Monte
Carlo and b the OPAL data. The box indicates the selected
region. The background comes mainly from cosmic ray events

The kinematic requirements used to select each of the
event classes are summarised in Table 1.

6 Corrections and systematic errors

Since the deviations from QED (2–6) are given with re-
spect to Born level, the observed angular distributions
need to be corrected to Born level. The effect of radiative
corrections to the Born level calculation is quantified by
R, the ratio of the angular distribution of e+e− → γγ(γ)
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Table 2. Estimated 95 % CL upper limits for expected back-
ground processes from Monte Carlo at

√
s = 130–172 GeV

Process Generator Background events
e+e− → e+e− (BHWIDE) < 0.24
e+e− → e+e− (TEEGG) < 0.67
e+e− → ν̄νγγ < 0.02
e+e− → µ+µ− < 0.04
e+e− → τ+τ− < 0.05
e+e− → q̄q < 0.02

Table 3. Summary of systematic errors on the cross-section

Uncertainty
Luminosity 0.5%
Radiative correction R 1.0%
Selection efficiency E 1.0%
Background < 0.4%
Total 1.6%

Monte Carlo and the Born cross-section as shown in Fig. 1:

R =
(
dσ

dΩ

)
MC

(cos θ∗)
/ (

dσ

dΩ

)
Born

. (14)

The ratio R is used to correct the data bin by bin to
the Born level. A 1% error on the total cross-section from
higher order effects is assumed. No error on the slope of
the distribution is included in the results. Since the O(α3)
radiative corrections are small, the O(α4) effects are as-
sumed to be negligible.

The efficiency and angular resolution of the reconstruc-
tion is determined using a Monte Carlo sample with full
detector simulation. The efficiency is reasonably constant
for cos θ∗ < 0.9, but drops rapidly for cos θ∗ > 0.9. The
overall efficiency for cos θ∗ < 0.9 is 91.9% with a maxi-
mum of 95% in the barrel of the detector. A polynomial
parametrisation E(cos θ∗) is used for the efficiency correc-
tion. Due to uncertainties of the photon conversion prob-
ability and the Monte Carlo statistics a 1% systematic er-
ror is assumed for the efficiency. The agreement between
generated and reconstructed angles is very good. An an-
gular resolution of 0.3◦ full width at half maximum is ob-
tained. Background is studied using Monte Carlo events
from the processes shown in Table 2. The number given
for e+e− → ν̄νγγ is the upper limit of NUNUGPV and
KORALZ. The expected ratio of background to signal is
less than 0.4% and is neglected.

The probability that a signal event is rejected by the
neutral event selection due to random instrumental back-
ground causing a veto is studied with randomly-triggered
events. For the single veto the probability is 4× 10−4 and
it is 1× 10−4 for both the double veto and the track veto.
The small overall veto probability of 5× 10−4 is therefore
neglected. The systematic errors on the total cross-section
are summarized in Table 3.

Table 4. Comparison of number of observed events and Monte
Carlo prediction. For nonplanar events no expectation is given,
since the O(α3) Monte Carlo does not include these events.
The two observed class III nonplanar events are kinematically
compatible with a fourth photon along the beam-direction. In
addition the total cross section corrected to the Born level is
given

Energy
√
s [GeV] 130 136

Expected Observed Expected Observed
Class I 34.3± 0.9 33 30.1± 0.8 26
Class II 4.0± 0.3 2 3.5± 0.3 3
Class III planar 1.0± 0.2 2 0.9± 0.2 0
Class III nonplanar – 0 – 0
σBorn

tot 15.7 14.9± 2.5 14.3 12.2± 2.2
Energy

√
s [GeV] 161 172

Expected Observed Expected Observed
Class I 85.8± 0.6 90 77.6± 0.7 75
Class II 9.0± 0.2 8 8.0± 0.2 14
Class III planar 1.9± 0.1 3 1.8± 0.1 2
Class III nonplanar – 1 – 1
σBorn

tot 10.2 10.9± 1.1 9.0 9.7± 1.0

√s [GeV]

σ 
  [

pb
]

OPAL
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Fig. 5. Total cross-section for the process e+e− → γγ with
cos θ < 0.9. The data are corrected for efficiency loss and higher
order effects and correspond to a Born level measurement. The
result at the Z0 is taken from [19]. The curve corresponds to
the Born level QED prediction

7 Results

In Table 4 the numbers of observed events in each class
are compared to the QED expectations. The derived total
cross-section σ in the range cos θ∗ < 0.9 is plotted in Fig. 5
as a function of the centre-of-mass energy. The numerical
results for the cross-section are given in Table 4. They are
corrected for efficiency loss and O(α3) effects. All numbers
agree well with QED expectations.

The measured differential cross-sections at 130, 136,
161 and 172 GeV centre-of-mass energies are shown in
Figs. 6 and 7 together with a fit of the function

(
dσ
dΩ

)
Λ±

(2). The fit to the distribution is performed using the
binned log likelihood method. The likelihood function L
is based on Poisson statistics and defined as:

Li =
µni
i

ni!
e−µi (15)

with ni the number of observed and µi the number of
expected events per cos θ bin i. To determine µi the model



28 The OPAL Collaboration: Multi-photon final states in e+e− collisions at
√
s = 130–172 GeV

0

2.5

5

7.5

10

12.5

0 0.2 0.4 0.6 0.8 1
0

5

10

0

2.5

5

7.5

10

12.5

0 0.2 0.4 0.6 0.8 1
0

5

10

cos(θ∗)

dσ
 ⁄ 

dΩ
   

[p
b 

⁄ s
r]

C
or

re
ct

ed
 e

ve
nt

s 
/ 0

.0
5

130 GeV

OPAL

cos(θ∗)

dσ
 ⁄ 

dΩ
   

[p
b 

⁄ s
r]

C
or

re
ct

ed
 e

ve
nt

s 
/ 0

.0
5

136 GeV

OPAL

Fig. 6. The measured angular distribution for the process
e+e− → γγ(γ) as selected in the three classes at

√
s = 130 and

136 GeV. The data points show the efficiency-corrected num-
ber of events; radiative corrections are also included. The solid
curve corresponds to the Born level QED prediction. The dot-
ted lines represent 95% CL intervals of the fit to the function(
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Fig. 7. The measured angular distribution for the process
e+e− → γγ(γ) as selected in the three classes at

√
s = 161 and

172 GeV. The data points show the efficiency-corrected num-
ber of events; radiative corrections are also included. The solid
curve corresponds to the Born level QED prediction. The dot-
ted lines represent 95% CL intervals of the fit to the function(
dσ
dΩ

)
Λ±

dependent cross-section function dσ
dΩ is not integrated over

the bin. Instead a simple procedure is applied in which the
central value xi of the bin is determined as defined in [15]:(

dσ

dΩ

)
Born

(xi) =
1

xu − xl

∫ xu

xl

(
dσ

dΩ

)
Born

(y)dy, (16)

where xl and xu are the lower and upper boundaries of
the bin i. In this way the differential function dσ

dΩ can
be directly compared to the integrated number of events
presented as a histogram. The mean efficiency Ei and ra-
diative corrections Ri are included in the expectation µi
for each bin. To allow the total number of expected events
to vary within the systematic error, a normalization factor
ε is added:

µi = ε
dσ

dΩ
(xi) (xu − xl)EiRiL (17)

Ei =
1
ni

ni∑
j=1

E(cos θj), (18)

where L is the integrated luminosity and cos θj is the angle
of the j-th event. An estimator function P is defined which
includes a Gaussian term with mean 1 and width δ = 0.016
(see Table 3) to account for the error of the normalization
ε. The routine MINOS [16], which provides asymmetric
errors, is used to minimize P :

P =
(ε− 1)2

δ2 +
∑
i

−2 lnLi

=
(ε− 1)2

δ2 +
∑
i

2 (µi − ni lnµi) . (19)

The fit is performed with two free parameters: the nor-
malization ε and the model dependent parameter λ (see
Table 5 and (2, 4) and (6)). To obtain the limits at 95%
confidence level the probability is normalized to the phys-
ically allowed region, i.e. λ+ > 0 and λ− < 0 as described
in [17].

Results for the different parameters are obtained from
a simultaneous fit to the angular distibutions for each
centre-of-mass energy. A fit is also performed for each
centre-of-mass energy separately, with the results for Λ±
given as an example in Table 5. The limits for the com-
bined fit are summarised in Table 6. To determine the
limit on the mass of an excited electron Me∗ a fit is per-
formed using

(
dσ
dΩ

)
e∗ (6). For the results given in Table 5

the coupling constant κ for the (e∗eγ)-vertex is fixed at
κ = 1. Figure 8 shows the upper limit (95% CL) on κ2

versus the mass of an excited electron Me∗ .
The angular distributions for all energies agree well

with the QED expectation. The lower limits obtained from
the combined fit on Λ±, Λ and Me∗ are higher than ex-
isting published results using lower energies (see [18], [19],
[20] and [21]) and are in agreement with other results ob-
tained at this centre-of-mass energy [22]. Previous lim-
its on the excited electron mass with κ = 1 are Me∗ >
129 GeV [21], 136 GeV [20] and 147 GeV [1].
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Table 5. Results for fit parameters λ and ε. For Λ± the results for all energies are
shown separately. The error on the normalisation ε refects the assumed systematic
error

Fit result
Model λ

√
s [GeV] λ ε

130
(
4.3+20.6

−18.0

)
· 10−10 GeV−4 0.999± 0.016

136
(
7.1+19.3

−16.7

)
· 10−10 GeV−4 0.999± 0.016(

dσ
dΩ

)
Λ±

±1/Λ4
± 161

(
1.53+5.12

−4.70

)
· 10−10 GeV−4 1.001± 0.016

172
(
−0.36+4.13

−3.76

)
· 10−10 GeV−4 1.000± 0.016

130–172
(
0.74+3.17

−2.97

)
· 10−10 GeV−4 1.000± 0.016(

dσ
dΩ

)
QED+7

|1/Λ6| 130–172
(
5.57+35.9

−47.0

)
· 10−18 GeV−6 1.000± 0.016(

dσ
dΩ

)
e∗ |1/M2

e∗ | 130–172
(
8.4+11.0

−27.9

)
· 10−6 GeV−2 1.000± 0.016
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Fig. 8. Upper limit (95% CL) on the square of the coupling
constant κ2 as a function of the mass of an excited electron
Me∗
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Fig. 9. The invariant mass of photon pairs for a class II events
and b class III events. The points are the data, the histogram
the e+e− → γγ(γ) Monte Carlo expectation. There is one entry
per event for class II events and three entries per event for class
III events

A resonance X produced in the process e+e− → Xγ
and decaying photonically X → γγ would be seen in the
two photon invariant mass spectrum since this process
leads to a three-photon final state without missing en-
ergy. This search has been performed previously at the
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Fig. 10. Combined lower limits (95% CL) for the cross section
times branching ratio at

√
s = 172 GeV for the process e+e− →

Xγ, X → γγ as a function of the mass of the resonance X. The
e+e− → γγ(γ) background is subtracted. The step at 120 GeV
comes from the phase space limit of the 130 and 136 GeV data

Z0-peak [23] and at higher energies [21]. The invariant
mass of each photon pair is shown in Fig. 9 for all events
of classes II and III. There are three entries for events
with three clusters. Since the angular resolution is very
precise, the energies of the three photons are calculated
from the angles assuming three photon kinematics:

Ek ∝ sinαij ; E1 + E2 + E3 =
√
s , (20)

with Ek the energy of one photon and αij the angle be-
tween the two other photons. For class II events | cos θ| =
1 is assumed for the unobserved photon. A typical mass
resolution for photon pairs of about 0.5 (0.7) GeV can be
achieved for class III (II). The distribution agrees well
with the Monte Carlo expectation from the QED process
e+e− → γγ(γ), with no enhancement due to a resonance
is observed. From the class III distribution an upper limit
on the total production cross-section times the photonic
branching ratio of an isotropically produced resonance is
calculated using the method of Bock [24]. This method
uses fractional event counting where the weights depend
on the expected resolution and the difference between
expected and measured mass. For the special case of a
rectangular resolution curve, the result is identical with
that emerging from normal event counting, using Poisson
statistics. To combine the data of all centre-of-mass en-
ergies the cross-section is assumed to scale with 1/s. The
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Table 6. Summary of 95% CL lower limits obtained from the
combined fit to the

√
s = 130, 136, 161 and 172 GeV angular

distributions. The results are for the cut-off parameters Λ±
and mass scales Λ according to QED+6, QED+7 and QED+8
expectation (3–5). Λ6 and Λ8 are derived from Λ+ and Λ7

respectively. The lower limit for the mass of an excited electron
is also determined with the coupling constant κ assumed to be
κ = 1

Parameter Λ+ Λ− Λ6 Λ7 Λ8 Me∗

[GeV] 195 210 793 483 15.5 194

limits obtained at
√
s = 172 GeV are shown in Fig. 10.

The e+e− → γγ(γ) background is subtracted. The mass
range is defined by the phase space of the selection and
limited due to the acollinearity restriction.

8 Conclusions

The QED process e+e− → γγ(γ) has been studied using
data taken with the OPAL detector at LEP energies above
the Z0 resonance. Both the angular distributions and the
total cross-section measurement agree well with QED pre-
dictions. Limits are set on cut-off parameters, mass scales
for contact interactions (γγe+e−) and for non-standard
γe+e− couplings, as well as on the mass of an excited
electron coupling to eγ. These limits are listed in Table 6.
In the γγ invariant mass spectrum of events with three
final state photons, no evidence is found for a resonance
X decaying to γγ. No photonic event with four or more
detected photons is observed.
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13. O.J.P. Éboli, A.A. Natale and S.F. Novaes, Phys. Lett.

B271 (1991) 274
14. A. Litke, Ph.D. Thesis, Harvard University, unpublished

(1970)
15. G.D. Lafferty and T.R. Wyatt, Nucl. Instrum. Meth.

A355 (1995) 541
16. MINUIT Reference Manual, F. James and M. Roos, CERN

Program Library D506
17. Review of Particle Physics, R.M. Barnett et al., Phys. Rev.

D54 (1996) 1
18. PLUTO Collaboration, C. Berger et al., Phys. Lett. B59

(1980) 87; JADE Collaboration, W. Bartel et al., Z. Phys.
C19 (1983) 197; MARKJ Collaboration, B. Adeva et al.,
Phys. Rev. Lett. 53 (1984) 134; TASSO Collaboration,
M. Althoff et al., Z. Phys. C26 (1984) 337; CELLO Col-
laboration, H.J. Behrend et al., Phys. Lett B168 (1986)
420; HRS Collaboration, M. Derrick et al., Phys. Rev. D34
(1986) 3286; MAC Collaboration, E. Fernandez et al., Phys
Rev. D35 (1987) 1; AMY Collaboration, H.J. Kim, et al.,
KEK preprint 89-52 (1989); VENUS Collaboration, K.
Abe et al., Z. Phys. C45 (1989) 175; TOPAZ Collabora-
tion, K. Shimozawa et al., Phys. Lett. B284 (1992) 144;
ALEPH Collaboration, D. Buskulic et al., Z. Phys. C59
(1993) 215; DELPHI Collaboration, P. Abreu et al., Phys.
Lett. B268 (1991) 296; L3 Collaboration, O. Adriani et
al., Phys. Lett. B288 (1992) 404

19. OPAL Collaboration, M.Z. Akrawy et al., Phys. Lett B257
(1991) 531

20. ALEPH Collaboration, D. Buskulic et al., Phys. Lett.
B384 (1996) 333

21. L3 Collaboration, M. Acciarri et al., Phys. Lett. B384
(1996) 323

22. L3 Collaboration, M. Acciarri et al., CERN-PPE/97-77,
submitted to Phys. Lett.

23. OPAL Collaboration, P.D. Acton et al., Phys. Lett B311
(1993) 391; L3 Collaboration, M. Acciarri et al., Phys.
Lett. B345 (1995) 609

24. P. Bock, Determination of Exclusion Limits for Particle
Production Using Different Decay Channels with Different
Energies, Mass Resolutions and Backgrounds, submitted
to Nucl. Instrum. Meth. (1997)


