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Multi-photon production in e+e− collisions

at
√
s = 183 GeV

The OPAL Collaboration

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 56.2 pb−1 taken
at a centre-of-mass energy of 183 GeV. The measured cross-section agrees well with the
expectation from QED. A fit to the angular distribution is used to obtain improved limits
at 95% CL on the QED cut-off parameters: Λ+ > 233 GeV and Λ− > 265 GeV as well
as a mass limit for an excited electron, Me∗ > 227 GeV assuming equal e∗eγ and eeγ
couplings. No evidence for resonance production is found in the invariant mass spectrum
of photon pairs. Limits are obtained for the cross-section times branching ratio for a
resonance decaying into two photons.

(To be submitted to Phys. Lett.)
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M. Boutemeur34, S. Braibant8, P. Bright-Thomas1, R.M. Brown20, H.J. Burckhart8,
C. Burgard8, R. Bürgin10, P. Capiluppi2, R.K. Carnegie6, A.A. Carter13, J.R. Carter5,
C.Y. Chang17, D.G. Charlton1,b, D. Chrisman4, C. Ciocca2, P.E.L. Clarke15, E. Clay15,
I. Cohen23, J.E. Conboy15, O.C. Cooke8, C. Couyoumtzelis13, R.L. Coxe9, M. Cuffiani2,

S. Dado22, G.M. Dallavalle2, R. Davis30, S. De Jong12, L.A. del Pozo4, A. de Roeck8, K. Desch8,
B. Dienes33,d, M.S. Dixit7, M. Doucet18, J. Dubbert34, E. Duchovni26, G. Duckeck34,

I.P. Duerdoth16, D. Eatough16, P.G. Estabrooks6, E. Etzion23, H.G. Evans9, F. Fabbri2,
A. Fanfani2, M. Fanti2, A.A. Faust30, F. Fiedler27, M. Fierro2, H.M. Fischer3, I. Fleck8,
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1 Introduction

This paper reports a study of the process e+e− → γγ(γ) using data recorded with the OPAL
detector at LEP at an average centre-of-mass energy of 182.7 GeV with an integrated luminosity
of 56.2 pb−1. At LEP energies, this is one of the few processes having negligible contributions
from the weak interaction. Since the QED differential cross-section is precisely predicted by
theory [1, 2], searches for deviations from the expected angular distribution are a sensitive
probe for non-standard physics processes contributing to these photonic final states. Any non-
QED effects described by the general framework of effective Lagrangian theory are expected to
increase with centre-of-mass energy [3]. A comparison of the measured photon angular distri-
bution with the QED expectation can be used to place limits on the QED cut-off parameters
Λ±, contact interactions (e+e−γγ) and non-standard e+e−γ-couplings as described in section 3.
The possible existence of an excited electron, e∗, which would also change the angular distribu-
tion [4], is investigated. In addition, a search is made for the possible production of a resonance
X via e+e− → Xγ, followed by the decay X → γγ, using the invariant mass spectrum of photon
pairs in three-photon final states.

The process e+e− → γγ(γ) has been analysed previously at lower energies [5, 6, 7, 8]. The
main differences from the previous OPAL analysis at

√
s = 130 – 172 GeV [5] are an increased

angular acceptance and an improved rejection of non-physics backgrounds. The following sec-
tion contains a brief description of the OPAL detector and of the Monte Carlo simulated event
samples. Section 3 describes the QED differential cross-sections for e+e− → γγ(γ), as well
as those from several models describing extensions to QED. In sections 4 – 6 the analysis is
described in detail. The results are presented in section 7.

2 The OPAL detector and Monte Carlo samples

A detailed description of the OPAL detector can be found in Ref. [9]. The polar angle, θ, is
measured with respect to the electron-beam direction and φ is the azimuthal angle. For this
analysis the most important detector component is the electromagnetic calorimeter (ECAL)
which is divided into two parts, the barrel and the endcaps. The barrel covers polar angles
with | cos θ| < 0.82 and consists of 9440 lead-glass blocks in a quasi-pointing geometry. The
endcaps cover the polar angle range 0.81 < | cos θ| < 0.98 and each consists of 1132 blocks. The
spatial resolution is about 11 mm, corresponding to 0.2◦ in θ. The energy resolution for high
energy photons is about 1.6% in the barrel and 3 – 5% in the endcaps depending on the angle.
The ECAL surrounds the tracking chambers. Hit information from the jet chamber and the
vertex drift chamber is used to reject events which are consistent with having charged particles
coming from the interaction point. Outside the ECAL are the hadronic calorimeter (HCAL),
which is incorporated into the magnet yoke, and beyond that the muon chambers. Both the
HCAL and the muon chambers are used to reject cosmic ray events.

Various Monte Carlo samples are used to study the selection efficiency and expected background
contributions. For the signal process e+e− → γγ(γ) the RADCOR [2] generator is used, while
FGAM [10] is used for e+e− → γγγγ. FGAM does not take into account the electron mass
and hence can not be used if at least one photon is along the beam-axis. The Bhabha process
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is simulated using BHWIDE [11] and TEEGG [12]. The processes e+e− → ννγ(γ), µ+µ− and
τ+τ− are simulated using KORALZ [13]. PYTHIA [14] is used for hadronic events. All samples
were processed through the OPAL detector simulation program [15] and reconstructed in the
same way as real data.

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

The Born-level differential cross-section for the process e+e− → γγ, in the relativistic limit of
lowest order QED is given by [16]:(

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 fine-structure constant and the
event angle θ is 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 Ref. [1] possible deviations from the QED cross-section for Bhabha and Møller scattering are
parametrized in terms of cut-off parameters Λ±. These parameters correspond to a short-range
exponential term added to the Coulomb potential. This ansatz leads to a modification of the
photon angular distribution of the form(

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. Depending on the dimension of the operator, different deviations from QED can be
formulated [3]. 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. In most
cases these deviations are functionally similar [5]. The cross-section predicted by a dimension-7
Lagrangian is given by (

dσ

dΩ

)
Λ′

=

(
dσ

dΩ

)
Born

+
s2

32π

1

Λ′6
. (3)

The existence of an excited electron e∗ with an e∗eγ coupling would contribute to the photon
production process 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 relative to the eeγ vertex [4]:(
dσ

dΩ

)
e∗

=

(
dσ

dΩ

)
Born

+ f(Me∗ , κ, s, cos θ). (4)

The function f is explicitly given in Ref. [5]. In the limit Me∗ �
√
s,
(
dσ
dΩ

)
e∗

approaches
(
dσ
dΩ

)
Λ±

with the mass related to the cut-off parameter by Me∗ =
√
κ Λ+.
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In a multi-photon event, it is important to choose an appropriate definition of the event angle.
The event angle is not uniquely defined since the two highest energy photons in general are not
exactly back-to-back. The event angle cos θ∗ used in this paper is defined as

cos θ∗ =

∣∣∣∣∣sin θ1 − θ2

2

∣∣∣∣∣
/ (

sin
θ1 + θ2

2

)
, (5)

where θ1 and θ2 are the polar angles of the two highest energy photons. This definition was
chosen such that the deviations in the angular distribution with respect to the Born level are
small, in this case between 3 – 6% for cos θ∗ < 0.996 as was shown in Ref. [5]. For two-photon
final states cos θ∗ is identical to | cos θ| and for three-photon events in which the third photon is
along the beam direction, θ∗ is equivalent to the scattering angle in the centre-of-mass system
of the two observed photons. Since the angular definition is based on the two highest energy
photons of the event, events with one of those escaping detection along the beam-axis are
rejected from the analysis.

4 Event selection

Events are selected by requiring two or more clusters of energy in the electromagnetic calorime-
ter (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 and the cluster energy
has to exceed 1 GeV (uncorrected for possible energy loss in the material before the ECAL).

There are two major classes of background. The first class consists of events without primary
charged tracks. Certain cosmic ray events, beam halo and the Standard Model process e+e− →
ν̄νγγ contribute to this background. The second class can be identified by the presence of
primary charged tracks. Bhabha events, for example, have similar electromagnetic cluster
characteristics to γγ(γ) events, but are distinguished by the presence of tracks in the central
tracking chambers.

Rejection of non-physics backgrounds

A cosmic-ray particle can pass through the hadronic and electromagnetic calorimeters without
producing a reconstructed track in the central tracking chambers. These particles do not cross
the beam-axis. Since the HCAL and ECAL have different radii, the resulting hits in the two
detectors occur separated in azimuth. To remove this background, we reject events with 3 or
more track segments found in the muon chambers. In the case of fewer than three such track
segments, the event rejection depends on the highest energy HCAL cluster of the event. Events
are rejected if this HCAL cluster is separated from each of the photon candidates by more than
10◦ in azimuth and has at least 1 GeV of deposited energy in the case of one or two muon track
segments or 15% of the observed ECAL energy if no muon track segments are found.

Another type of background consists of events with large occupancy in the ECAL well localised
in the detector. To reject these events, cuts on the extent of adjoining clusters are applied. An
event is rejected if one of these accumulations consists of more than 12 ECAL clusters or has
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an extent of more than 0.4 rad in θ or 0.4 rad/sin θ in φ. After these cuts, the remaining non-
physics background has low visible energy and becomes negligible after the kinematic selection
described below.

Kinematic requirements

The selection is based primarily on the requirement of small missing energy and small missing
transverse momentum. Selection variables based on the measured angles and assuming three-
body kinematics are used where possible. In the case of four or more photons no constraints
are available.

The event sample is divided into four classes I– IV which are distinguished by the number of
photon candidates Nγ, the acollinearity angle ξacol and the aplanarity angle ξaplan:

ξacol = 180◦ − α12 (6)

ξaplan = 360◦ − (α12 + α13 + α23), (7)

where αij is the angle between clusters i and j and the two highest energy clusters are labelled
1, 2.

All events having an acollinearity angle ξacol < 10◦ (i.e., with the two highest energy clusters
almost collinear) are assigned to class I, independent of the number of photon candidates. For
true e+e− → γγ(γ) events in this class, the sum of the two highest cluster energies EI

S = E1+E2

should be close to the centre-of-mass energy
√
s. Events in class I are selected if EI

S > 0.6
√
s.

Class II consists of acollinear events (ξacol > 10◦) with exactly two observed photon candidates.
Events of this class typically contain an energetic photon that escapes detection near the beam-
axis (| cos θ| > 0.97). If the polar angle of this photon is approximated as | cos θ| = 1, its energy,
Elost, can be estimated from the angles of the observed clusters θ1 and θ2:

Elost =
√
s

(
1 +

sin θ1 + sin θ2

| sin (θ1 + θ2)|

)−1

. (8)

The energy sum EII
S is calculated by summing the two observed cluster energies and the lost

energy:
EII
S = E1 + E2 + Elost . (9)

The imbalance B, defined as

B = (sin θ1 + sin θ2)

∣∣∣∣∣cos

(
φ1 − φ2

2

)∣∣∣∣∣ , (10)

provides an approximate measure of the scaled transverse momentum of the event. Events in
class II are selected if B < 0.2, EII

S > 0.6
√
s and Elost is less than both E1 and E2. This last

requirement ensures that the two highest energy photons are those observed.

Classes III and IV contain acollinear events (ξacol > 10◦) having 3 or more observed photon
candidates. In this case the cluster energies must be used in addition to the cluster angles in
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calculating the transverse and longitudinal momenta (pt, pl) of the system. Since a non-zero
longitudinal momentum could result from an additional unobserved photon along the beam
direction, the energy sum EIII

S is calculated by adding pl to the cluster energies Ei:

EIII
S =

Nγ∑
i=1

Ei + pl . (11)

Events in classes III and IV are selected if EIII
S > 0.6

√
s and pt < 0.1

√
s. Again, the lost

energy along the beam-axis, now determined by pl, must be smaller than the energies of the
two highest energy clusters.

Figure 1 shows the aplanarity distribution for selected events in classes III and IV for data
and for the O(α3) Monte Carlo after the charged-event rejection described in the next section.
Most events are planar (ξaplan < 0.1◦) and are well described by the Monte Carlo. They are
consistent with exactly three produced photons as simulated by the Monte Carlo. There are,
however, 5 aplanar events (ξaplan > 0.1◦). These events can be explained by the production of
a fourth photon that escapes detection along the beam-axis in most cases. Planar events with
exactly 3 observed photon candidates are assigned to class III and aplanar three-photon events
and events with more than three observed photon candidates are assigned to class IV .

The signal events are well separated from non-physics background in terms of energy and trans-
verse momentum as has been demonstrated at lower energies [5]. The non-physics background
is reduced to a negligible level after the above described kinematic requirements which are
summarised in Table 1.

Event class I II III IV

Number of
photon candidates Nγ ≥ 2 Nγ = 2 Nγ = 3 Nγ ≥ 3

Acollinearity ξacol < 10◦ ξacol > 10◦ ξacol > 10◦ ξacol > 10◦

Aplanarity ξaplan < 0.1◦ ξaplan > 0.1◦

Energy sum EI
S > 0.6

√
s EII

S > 0.6
√
s EIII

S > 0.6
√
s EIII

S > 0.6
√
s

Transverse momentum B < 0.2 pt < 0.1
√
s pt < 0.1

√
s

Longitudinal momentum Elost < E1, E2 pl < E1, E2 pl < E1, E2

Table 1: Summary of the kinematic cuts. For definition of the variables see the text. In the
case of more than three observed photons in class IV there is no requirement on the aplanarity.

Charged-event rejection

The rejection of all events having tracks in the central tracking chambers would lead to an
efficiency loss because of photon conversions. Nevertheless, contributions from any channel
with primary charged tracks must be reduced to a negligible level. To achieve this, events are
rejected if they have a large number of hits in the inner part of the drift chambers as described
in Ref. [5]. In addition, events are rejected if there is a reconstructed track separated by
more than 10◦ in azimuth from all photon candidates. A good agreement of the efficiency and
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charged track rejection power has been observed between data and Monte Carlo for different
combinations of the vetoes.

5 Corrections and systematic errors

Since the deviations from QED (Equations 2 – 4) are given with respect to Born level, the
observed angular distribution is corrected to Born level. The effect of radiative corrections is
quantified by R, the ratio of the angular distribution of the e+e− → γγ(γ) Monte Carlo and
the Born-level cross-section:

R =

(
dσ

dΩ

)
MC

(cos θ∗)

/ (
dσ

dΩ

)
Born

. (12)

The ratio R varies between 1.03 and 1.06 within the studied angular range and is used to
correct the data bin by bin to Born level. A 1% systematic error from higher-order effects is
taken to be correlated between all bins.

The efficiency and angular resolution of the reconstruction are determined using an O(α3)
Monte Carlo sample with full detector simulation. In the angular range cos θ∗ < 0.87 the
efficiency varies smoothly between 90 – 94% and a polynomial parametrisation is used for the
correction. For the rest of the angular range the efficiency drops rapidly and a bin-by-bin (bin
width = 0.01) correction is made. The main reason for the loss is photon conversion. As a
conservative estimate, the systematic error on the efficiency is taken to be a quarter of the
inefficiency. The resulting error ranges from 1.5% (cos θ∗ < 0.55) to 15% (cos θ∗ > 0.96). The
1.5% error is taken to be correlated between all bins.

The agreement between generated and reconstructed event angles is very good; an event-angle
resolution of 0.2◦ is obtained. In addition, the cluster angle has been compared to the track
angle for Bhabha events. For clusters with | cos θ| > 0.96 the cluster angle is systematically
about 0.4◦ closer to the beam-axis than the track angle. For all other clusters the difference is
less than 0.1◦. Due to the cut-off at cos θ∗ < 0.97 this would lead to a decrease of the measured
total cross-section by 1.1% if this effect is caused by the cluster angle. It is included in the
systematic error on the total cross-section.

The luminosity is derived from small-angle Bhabha scattering measured on both sides of the
detector in the polar angle region 34 mrad < θ < 56 mrad. Uncertainties in the selection and
in the theoretical cross-section, as well as a 30 MeV uncertainty on the beam energy lead to a
systematic error of 0.5% which is taken into account.

Table 2 shows the number of selected events from the data and from the expected Standard
Model sources after the different selection cuts. The preselected data have a large contribution
from non-physics backgrounds until the kinematic cuts are applied. There is little efficiency
loss up to this point. The restriction on the missing longitudinal momentum (Elost for class
II) rejects events with a high-energy photon escaping along the beam-axis.About 97% of the
remaining sample consists of Bhabha events and is well described by the Monte Carlo. After the
charged-event rejection about one background event is expected which is negligible compared
to the expected γγ(γ) signal.
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Cut Data MC γγ(γ) e+e−(γ) eγ(e) τ+τ− µ+µ− ννγγ qq

Preselection 92833 37822 780 27778 3010 325 32 18 5879

Non-physics bg. reject. 55791 32029 777 27657 2977 127 1.7 18 471

Kinematic req. 28456 29263 769 26673 1760 32 0.6 1.1 27

Elost, pl < E1, E2 25284 26504 714 25707 62 8.7 <0.1 <0.1 12

Charged event reject. 620 603 602 0.3 0.6 <0.1 <0.1 <0.1 <0.1

Table 2: Number of selected events after the different cuts described in the text. The numbers
are given for the data and the sum of Monte Carlo samples with the breakdown by final states
given in the following columns. The BHWIDE generator is labelled by e+e−(γ) and TEEGG
by eγ(e). All Monte Carlo predictions are normalised to the integrated luminosity of the data.

6 Results

Cross-section

In Table 3 the numbers of observed events in the different kinematic classes are compared
to the Monte Carlo expectation. Since there is no Monte Carlo generator for the case of a
four-photon event where at least one photon is along the beam axis, no prediction for class
IV events with three observed photons is given. The prediction for events with four or more
observed photons is calculated using FGAM. One event with four detected photons is observed.
The total cross-section σ for the process e+e− → γγ(γ) determined from 620 events selected in
the range cos θ∗ < 0.97 is also given in Table 3. The total error is statistics dominated. The
cross-section is corrected for detection efficiency and O(α3) effects derived from R (Eq. 12).
The cross-section at the different LEP energies as measured by OPAL in the range cos θ∗ < 0.9
is shown in Figure 2. All measurements are in good agreement with the QED prediction.

The angular distribution of the observed events and the measured differential cross-section,
obtained by applying efficiency and radiative corrections, are shown in Figure 3. The data have
a χ2/NDF = 12.1/20 with respect to the QED expectation (solid line). The 95% CL interval of

a χ2-fit to the data of the function
(
dσ
dΩ

)
Λ±

(Eq. 2) is also shown (dashed line). To obtain the

Class I II III IV all cross-section [pb]

Nγ ≥ 2 2 3 3 ≥ 4 events cos θ∗ < 0.9 cos θ∗ < 0.97

observed 558 46 11 4 1 620 8.4± 0.4 12.9± 0.7

expected 546 44.6 11.3 – 0.42 602 8.0 12.5

Table 3: Number of observed and expected events in the angular range cos θ∗ < 0.97 for different
classes. Nγ is the number of observed photon candidates. The total cross-section is corrected
to Born level and is given for two angular ranges to allow comparison of these results with those
of previous OPAL measurements. The errors are dominated by statistics.
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limits at 95% confidence level the probability is normalised to the physically allowed region,
i.e. Λ+ > 0 and Λ− < 0 as described in Ref. [17]. For both functions

(
dσ
dΩ

)
Λ±

and
(
dσ
dΩ

)
Λ′

the

χ2 distribution is parabolic as a function of the chosen fitting parameters Λ−4
± and Λ′−6. The

asymmetric limits λ± on the fitting parameter can be obtained by:∫ λ+

0 G(x, µ, σ)dx∫∞
0 G(x, µ, σ)dx

= 0.95 and

∫ 0
λ−
G(x, µ, σ)dx∫ 0

−∞G(x, µ, σ)dx
= 0.95 , (13)

where G is a Gaussian with the central value and error of the fit result denoted by µ and σ,
respectively.

The limit on the mass of an excited electron Me∗ as a function of the coupling constant κ for
the (e∗eγ)-vertex, which is fixed during the fit, is shown in Figure 4. In the case of

(
dσ
dΩ

)
e∗

the cross-section does not depend linearly on the chosen fitting parameter M−2
e∗ and the limit

corresponds to an increase of the χ2 by 3.84 with respect to the minimum.

The fit results are summarised in Table 4. All results are from the data taken at 183 GeV.
The inclusion of the data taken at 130 – 172 GeV does not substantially improve the results.
The limits obtained are roughly 40 GeV higher than our previous results. Similar limits are
obtained by ALEPH and DELPHI at 183 GeV [18].

Fit parameter Fit result 95% CL Limit [GeV]

Λ+ > 233
Λ−4
± (1.04± 1.34) · 10−10 GeV−4

Λ− > 265

Λ′−6 (1.11± 1.29) · 10−17 GeV−6 Λ′ > 557

M−2
e∗

(
1.06+0.51

−3.23

)
· 10−5 GeV−2 Me∗ > 227

Table 4: Fit results and 95% CL lower limits obtained from the fit to the differential cross-
section. The limit for the mass of an excited electron is determined assuming the coupling
constant κ = 1.

Resonance production

A resonance X produced by the process e+e− → Xγ and decaying into two photons, X → γγ,
could be seen in the two-photon invariant mass spectrum, since this process leads to a three-
photon final state without missing energy. Searches for such a resonance have been performed
previously at the Z0 peak [19] and at higher energies [5, 6], leading to bounds on Higgs and
gauge boson interactions [20]. For this search, 16 events from classes III and IV are used. The
invariant mass of each photon pair is shown separately for class III (Figure 5a) and class IV
(Figure 5b).

For class III the energies of the three photons are not based on the measured cluster energies
but are calculated from the photon angles assuming three body kinematics:

Ek ∝ sinαij ; E1 + E2 + E3 =
√
s, (14)
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with Ek the energy of one photon and αij the angle between the other two photons. In this case
a typical mass resolution for photon pairs is about 0.5 GeV. For class-IV events the invariant
mass is calculated from the measured cluster energies and angles with a typical mass resolution
of 3 GeV.

The distribution obtained from class-III events is consistent with the Monte Carlo expectation
from the QED process e+e− → γγ(γ) as seen in Figure 5a. In neither the class-III nor the
class-IV distribution is there evidence for an enhancement due to a resonance. An upper limit
on the total production cross-section multiplied by the photonic branching ratio is calculated
using the method of Ref. [21]. This method uses fractional event counting where the weights
assigned to each photon pair depend on the expected resolution and the difference between the
hypothetical and the reconstructed mass. The limits shown in Figure 6 are obtained using only
class-III events assuming the natural width of the resonance to be negligible. The e+e− → γγ(γ)
background is subtracted. For the efficiency correction the production and subsequent decay
of the resonance are assumed to be isotropic. The mass range is limited by the acollinearity
restriction. Regarding a model with anomalous couplings of the Higgs boson [20] this analysis
gives access to a larger mass range than the analysis of e+e− → HZ with H→ γγ.

7 Conclusions

The process e+e− → γγ(γ) has been studied using data taken with the OPAL detector at a
centre-of-mass energy of 183 GeV. The measured angular distribution and total cross-section for
this process both agree well with QED predictions. The limits (95% CL) on cut-off parameters
are Λ+ > 233 GeV, Λ− > 265 GeV and Λ′ > 557 GeV. An excited electron is excluded for
Me∗ > 227 GeV assuming the e∗eγ and eeγ coupling to be the same. In the γγ invariant
mass spectrum using events with at least three final-state photons, no evidence is found for a
resonance X decaying to γγ. A limit on the production cross-section times branching ratio is
derived as a function of the mass MX. One event with four detected photons is observed.
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Figure 1: The aplanarity for selected events with three or more photons (classes III and IV ).
The points show the data and the histogram represents the O(α3) Monte Carlo expectation
normalised to the integrated luminosity of the data. One additional event is observed at
ξaplan = 4.8◦.
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Figure 2: 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 Born level. Results at
lower energies are taken from [5, 22]. The curve shows the Born-level QED expectation.
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Figure 3: The measured angular distribution for the process e+e− → γγ(γ) at
√
s = 183 GeV.

The histogram shows the observed number of events per bin. Note the smaller width of the
highest cos θ∗ bin. The points show the number of events corrected for efficiency and radiative
effects. The inner error-bars correspond to the statistical error and the outer error-bars to the
total error. The solid curve corresponds to the Born-level QED prediction. The dashed lines
represent the 95% CL interval of the fit to the function

(
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)
Λ±

.
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Figure 4: Lower limit (95% CL) on the mass Me∗ of an excited electron as a function of the
square of the e∗eγ coupling constant κ2.

17



0

2

4

6

0 60 120 180

0

2

4

6

0 60 120 180

Mass (γi γj ) [ GeV ]

P
ho

to
n 

pa
irs

 / 
1 

G
eV

a)

OPAL

Mass (γi γj ) [ GeV ]

P
ho

to
n 

pa
irs

 / 
3 

G
eV

b)

OPAL

Figure 5: The invariant mass of photon pairs from a) class-III and b) class-IV events. The
points are the data and the open histogram the e+e− → γγ(γ) Monte Carlo expectation scaled
by a factor of two for clarity. The hatched histogram in a) represents a γγ resonance at 95.5 GeV
with a cross-section times branching ratio of 0.10 pb. In each case, the binning is chosen to
match the expected mass resolution.
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Figure 6: Upper limit (95% CL) for the cross-section times branching ratio for the process
e+e− → Xγ, X → γγ as a function of the mass of the resonance X. Only class-III events are
used for this result.
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