
Digital Object Identifier (DOI) 10.1140/epjc/s2002-01129-7
Eur. Phys. J. C 28, 1–13 (2003) THE EUROPEAN

PHYSICAL JOURNAL C

Single- and multi-photon production
in e+e− collisions at

√
s up to 209 GeV

The ALEPH Collaboration

A. Heister, S. Schael
Physikalisches Institut das RWTH-Aachen, 52056 Aachen, Germany

R. Barate, R. Brunelière, I. De Bonis, D. Decamp, C. Goy, S. Jezequel, J.-P. Lees, F. Martin, E. Merle, M.-N. Minard,
B. Pietrzyk, B. Trocmé
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Abstract. Events containing only energetic photons are analysed in a sample of 628 pb−1 of data recorded
from e+e− collisions at centre-of-mass energies between 189 and 209 GeV by the ALEPH detector at LEP.
The e+e− → νν̄γ(γ) and e+e− → γγ(γ) cross sections are measured and found to be in agreement with
the standard model predictions. The number of light neutrino generations is determined to be Nν =
2.86 ± 0.09. Upper limits are derived on the cross sections for photon production in the context of several
supersymmetric models. Limits are also set on the parameters of models with extra spatial dimensions,
with contact interactions and with excited electrons.
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1 Introduction

In high-energy electron–positron annihilations, the domi-
nant standard model (SM) contributions to events in
which the only detectable final-state particles are photons
come from the electroweak process e+e− → νν̄γ(γ) and
the QED process e+e− → γγ(γ). The former is dominated
by the reaction e+e− → γ(γ)Z, with Z → νν̄. An addi-
tional contribution arises from t-channel W exchange with
one or more photons radiated from the incoming e± or
from the virtual W. This process leads to a final state with
one or more detected photons accompanied by significant
missing energy, missing momentum, and missing mass. It
has been extensively studied at LEP at lower energies [1–
3]. In the SM framework, the reaction e+e− → γγ(γ) pro-
ceeds via t-channel electron exchange. The resulting ex-
perimental signature is two coplanar, energetic photons.
This process has been previously studied at LEP as de-
scribed in [1–4].

New physics processes can also lead to the final-state
topologies described above. This is possible in the con-
text of various supersymmetric (SUSY) models, includ-
ing the minimal supersymmetric extension of the stan-
dard model (MSSM) [5], Gauge mediated supersymmetry
breaking (GMSB) theories [6] and scenarios with a super-
light gravitino [7], and in theories with TeV-scale quantum
gravity [8], with contact interactions [9] and with excited
electrons [10,11].

This paper reports on a study of photonic final states
with the ALEPH detector at LEP, at the highest available
e+e− centre- of-mass energies. The data cover

√
s between

189 and 209 GeV, with a total integrated luminosity of
628 pb−1, as detailed in Table 1.

This paper is organized as follows. After a brief de-
scription of the ALEPH detector and photon identification
in Sect. 2, the simulated data samples used for the anal-
yses are described in Sect. 3. The selection of events with
one photon and missing energy, the measurements of the
e+e− → νν̄γ(γ) cross section and of the number of light
neutrino generations, and searches for new physics in the
single photon topology are discussed in Sect. 4. Searches
for new physics in events with two or more photons and
missing energy are presented in Sect. 5. The selection of
events with two hard collinear photons, the measurement
of the e+e− → γγ(γ) cross section and the corresponding

Gainesville, FL 32611-8440, USA
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Table 1. The range of centre-of-mass energies, the corresponding average and the integrated
luminosities for the data samples used in the analyses

Range of
√

s (GeV) 188.6 191.6 195.5 199.5 201.6 203.0–205.5 205.5–209.0
Average

√
s (GeV) 188.6 191.6 195.5 199.5 201.6 205.0 206.7

Int. luminosity (pb−1) 173.6 28.9 79.9 87.0 44.4 79.5 134.3

searches for new physics processes are described in Sect. 6.
Conclusions are presented in Sect. 7.

2 The ALEPH detector
and photon identification

The ALEPH detector and its performance are described
in detail in [12,13]. The analysis presented here depends
largely on the performance of the electromagnetic calori-
meter (ECAL).

The ECAL is a lead/wire-chamber sampling calorime-
ter consisting of 36 modules, twelve in the barrel and
twelve in each endcap, which provide coverage in the an-
gular range |cos θ| < 0.98. Cathode pads associated with
each layer of the wire chambers are connected to form pro-
jective towers, each subtending approximately 0.9◦ ×0.9◦,
read out in three segments in depth (“storeys”). This
high granularity provides excellent identification of pho-
tons and electrons. The energy calibration of the ECAL
is obtained from Bhabha events, e+e− → γγ events and
events from two-photon interactions, γγ → e+e−. The en-
ergy resolution for isolated photons is σ(E)/E = 0.18/

(
√

E) + 0.009 (E in GeV). The ECAL also provides a
measurement of the event time t0 relative to the beam
crossing with a resolution of better than 15 ns for showers
with energy greater than 1 GeV.

The hadron calorimeter (HCAL) and the luminosity
calorimeters extend the coverage to 34 mrad from the
beam axis. Together with the external muon chambers,
they are used in this analysis mainly to veto events in
which photons are accompanied by other energetic par-
ticles. The tracking system provides efficient reconstruc-
tion of isolated charged particles in the angular range
|cos θ| < 0.95.

Photon candidates are identified by an algorithm [13]
which performs a topological search for localized energy
deposits within groups of neighbouring ECAL towers.
Photon candidates may also be identified [13] if they con-
vert in the material of the tracking system, which amounts
to 6% of a radiation length at normal incidence.

The trigger most relevant for photon events is the
neutral-energy trigger with a threshold of 1 GeV (2.3 GeV)
in any ECAL barrel (endcap) module. The trigger effi-
ciency for the selections described below is estimated to
be at least 99.8%.

3 Simulation programs

The measurements of the e+e− → νν̄γ(γ) cross section and
of the number of light neutrino families are based on effi-

ciencies estimated with the KK generator [14]. This gen-
erator is also used to evaluate the SM background for the
searches for new physics in the photon(s) plus missing
energy channels. The KK program uses the YFS [15] ap-
proach to generate an arbitrary number of initial-state-
radiation photons. It includes the effects of photons radi-
ated from exchanged virtual Ws. The predictions of KK
are checked by comparison with an independent genera-
tor, NUNUGPV [16], which is based on exact lowest-order
amplitudes for the production of up to three photons in
the final state, modified for higher-order QED effects us-
ing transverse momentum dependent structure functions.
The contribution of missing higher-order electroweak cor-
rections, which are not treated by either generator, is es-
timated to be smaller than 1% [17].

The experimental efficiency for the reaction e+e− →
γγ(γ) is obtained with the GGG generator [18], which
includes all contributions to order α3. Events with four
hard photons observed in the detector are simulated by
an order α4 generator [19].

The efficiencies for the processes e+e− → XX and
e+e− → XY with X→ Yγ, where Y is invisible, are esti-
mated with SUSYGEN [20] assuming isotropic production
and decay of X. The effect of initial-state radiation (ISR)
is taken into account following the prescription described
in [21]. The background from Bhabha scattering where
initial- or final-state particles radiate a photon is studied
with the BHWIDE [22] generator.

4 One photon and missing energy

4.1 Event selection

The acceptance region for single photon and missing en-
ergy events is defined to be |cos θ| < 0.95 with p⊥ >
0.0375(

√
s), where θ is the polar angle of the photon rel-

ative to the beam line, and p⊥ is the photon transverse
momentum. The basic selection cuts are designed to re-
duce background from radiative Bhabha events (e+e− →
e+e−γ). There must be one and only one photon within
the acceptance region, no charged particle tracks (except
those from an identified photon conversion), no energy de-
posited within 14◦ of the beam axis, and less than 1 GeV
of additional visible energy. To reduce cosmic-ray back-
ground and to remove the few events with detector noise
in the ECAL, cuts are applied on the number of hits in the
outer part of the HCAL, and the event time, as measured
in the ECAL, is required to be consistent with the beam
crossing. Furthermore, the photon candidate must have
a small “impact parameter” [1], consistent with the pho-
ton originating from the interaction region, and a compact
shower development in the ECAL [1].
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Table 2. Observed and expected numbers of single photon
events and measured cross section for the different centre-
of-mass energies. The measured cross sections correspond to
one and only one photon detected in the acceptance region
|cos θ| < 0.95 and p⊥ > 0.0375(

√
s). The uncertainties quoted

on the cross section measurements are only statistical

√
s (GeV) Events Events Measured

observed expected cross section (pb)

189 484 493 3.43 ± 0.16
192 81 76 3.47 ± 0.39
196 197 212 3.03 ± 0.22
200 231 221 3.23 ± 0.21
202 110 111 2.99 ± 0.29
205 182 190 2.84 ± 0.21
207 292 306 2.67 ± 0.16

189–207 1577 1610

Table 3. Systematic uncertainties on the measured cross sec-
tion for single photon production

Source Uncertainty (%)

Photon selection 0.6
Converted photon selection 0.3

Background <0.1
Integrated luminosity 0.5

Monte Carlo theory 1.5
Monte Carlo statistics 0.5

Total (in quadrature) 1.8

4.2 Measurement of the e+e− → νν̄γ(γ) cross
section and the number of light neutrino generations

The efficiency of the above selection for the process
e+e− → νν̄γ(γ) is 86%, independent of

√
s. In this paper,

this efficiency and the corresponding measured cross sec-
tions are quoted for events with exactly one photon inside
the acceptance region, whereas in previous papers [1] these
were quoted for events with one or more photons inside the
acceptance region. An additional efficiency loss is due to
beam-related background and uncorrelated noise in the
detector; it varies in the range 3–6%, depending on the
centre-of-mass energy, and is estimated from events trig-
gered on random beam crossings. The numbers of selected
single photon events, the numbers of events expected from
the KK simulation, and the measured cross sections are
summarized in Table 2, for the different centre-of-mass
energies. The systematic uncertainties on the measured
cross sections are listed in Table 3; the individual contri-
butions are described in [1]. All the listed uncertainties,
except that related to the statistics of the simulation, are
common for all centre-of-mass energies.

The ratio of the measured to expected cross section
is shown in Fig. 1 as a function of

√
s. The event missing

mass and the photon |cos θ| distributions for the selected

0.8

0.9

1

1.1

1.2

185 190 195 200 205 210

√s (GeV)

σ ob
s/σ

SM

ALEPH

Fig. 1. The ratio of observed to SM cross section as a function
of centre-of-mass energy for the process e+e− → νν̄γ(γ). The
shaded region represents the common systematic uncertainty
of ±1.7%. The error bars represent the statistical uncertainties
added in quadrature with the small contributions from non-
common systematic uncertainties

events, summing the contributions for all values of
√

s
between 189 and 209 GeV, are shown in Fig. 2. The data
agree with the SM expectations and are used to constrain
new physics processes in the following sections.

If additional generations of light neutrinos exist be-
yond νe, νµ and ντ , they contribute to the spectra in Fig. 2.
To explore this possibility, a two-dimensional binned max-
imum likelihood fit is performed for the number of light
neutrino generations, Nν , to the missing mass versus pho-
ton polar angle distribution for the observed events. The
expected distribution is generated with the KK Monte
Carlo assuming all neutrino generations have universal
couplings and negligible mass. The centre-of-mass energy
dependence of the cross section and the 1.8% total sys-
tematic error reported in Table 3 are taken into account
in the fit. The result, Nν = 2.86 ± 0.09, is consistent with
three light neutrino generations, and rules out Nν = 2
and Nν = 4 at the 9 and 12σ levels, respectively. This
result has a precision comparable to that of earlier re-
sults based on the same technique [3] and has systematic
uncertainties different from those of the more precise mea-
surement based on the Z lineshape [23]. The experimental
missing mass distribution is shown in Fig. 3 together with
the result of the fit and with the expected distributions
for Nν = 2 and Nν = 4.
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Fig. 2a,b. For the single photon and missing energy sample,
the distributions of a the invariant mass of the system recoiling
against the photon candidate and b the photon polar angle,
for the data (points with error bars) and the SM expectation
(histogram)
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Fig. 3. For the single photon and missing energy sample,
the missing mass distribution is shown for the data (points
with error bars) and for the prediction of the KK generator
for Nν = 2.86 (solid histogram). Also shown are the expected
distributions with Nν = 2 (dotted histogram) and Nν = 4
(dashed histogram). The shaded histogram represents the ex-
pected contribution from the direct and interference terms due
to the t-channel W exchange. The lowest mass bin is treated
as an underflow bin
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Fig. 4. The 95% C.L. upper limits on the production cross
section in pb, valid for

√
s = 207 GeV, for the process

e+e− → XY → YYγ, assuming a branching ratio of 100% for
X → Y γ

4.3 Search for e+e− → XY → YYγ

Search results are given here for the generic process
e+e− → XY, followed by the radiative decay X→ Yγ,
leading to a YYγ final state where Y escapes direct de-
tection. Examples of such processes would be e+e− →
χ0

2χ
0
1 → χ0

1χ
0
1γ in the MSSM [5], where χ0

1 and χ0
2 are the

lightest and next-to-lightest neutralinos, respectively, and
e+e− → χ0

1G̃ → G̃G̃γ in GMSB [24], where the gravitino G̃
and the neutralino χ0

1 are the lightest and next-to-lightest
SUSY particles, respectively.

A fit to the single photon plus missing energy events
is carried out as above under the hypothesis that the
data includes a mixture of signal from e+e− → XY → YYγ
plus SM background from e+e− → νν̄γ(γ). The fit is per-
formed for all possible X,Y mass combinations in steps of
1 GeV/c2. The results are shown in Fig. 4 as 95% confi-
dence level (C.L.) upper limits on the e+e− → XY produc-
tion cross section, assuming an X → Yγ branching ratio of
100% and a negligible X lifetime. These results are valid
at

√
s = 207 GeV; data recorded at lower centre-of-mass

energies are included with a β/s cross section dependence.

4.4 Search for super-light gravitinos

In SUSY models with a super-light gravitino G̃ and all
other supersymmetric particles too heavy to be produced
at LEP [7], it may still be possible to discover SUSY via
the reaction e+e− → G̃G̃γ. As the cross section is propor-
tional to 1/M4

G̃
(where MG̃ is the gravitino mass), the pro-

cess e+e− → G̃G̃γ can become observable for sufficiently
low values of MG̃. Alternatively, in the absence of a signal,
an upper limit on the cross section can be translated into
a lower limit on MG̃.
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A fit is performed as above for a signal, calculated from
the differential cross section given in [7], on top of the SM
background. From the fit, a cross section upper limit of
0.13 pb at

√
s = 207 GeV is obtained at 95% C.L., which

in turn provides a 95% C.L. lower limit of 1.3×10−5 eV/c2

for the gravitino mass.

4.5 Search for TeV-scale quantum gravity

In theories of TeV-scale quantum gravity as proposed in
[8], gravity can propagate in extra spatial dimensions. One
of the possible consequences is that a spectrum of mas-
sive gravitons G could be produced in association with a
photon in e+e− annihilations. The gravitons, which have
interactions of gravitational strength and very large life-
time, escape direct detection. Consequently, their produc-
tion should give rise to an excess of events in the single
photon plus missing energy channel.

The differential cross section for the process e+e− → Gγ
depends on both the gravity scale MD and the number of
extra dimensions δ, and is given by [25]

d2σ

dxdcos θ
=

α

32s

πδ/2

Γ (δ/2)

( √
s

MD

)δ+2

f(x, cos θ), (1)

with

f(x, cos θ) =
2(1 − x)(δ/2)−1

x(1 − cos2 θ)

[
(2 − x)2(1 − x + x2)

− 3x2(1 − x) cos2 θ − x4 cos4 θ
]
, (2)

where x is the ratio of the photon energy to the beam
energy, and θ is the polar angle of the photon.

Limits on the parameter MD as a function of the num-
ber of extra dimensions are derived from a fit, of the type
described above, performed under the hypothesis that the
data contains a mixture of signal (calculated with the cross
section given above) and SM background. Initial-state ra-
diation is taken into account [21]. The fit parameter is
taken to be (1/MD)δ+2. The fit results are displayed in
Table 4. No statistically significant signal is observed, and
95% C.L. lower limits MD95 are placed on the gravity scale
MD as a function of δ. These limits are shown in Table 4
along with the corresponding upper limits R95 on the size
R of the extra spatial dimensions, derived from the rela-
tion

G−1
N = 8πRδM2+δ

D , (3)

where GN is the Newtonian gravitational constant.

4.6 Search for e+e− → χ0
1χ0

1 → G̃G̃γγ
with intermediate χ0

1 lifetime

In GMSB models where χ0
1 is the next-to-lightest SUSY

particle, the neutralino can have a non-negligible lifetime,
depending on the gravitino mass. A dedicated analysis

Table 4. Fitted values for (1/MD)δ+2, the lower limits MD95

on the gravity scale MD, and the upper limits R95 on the size
R of the extra dimensions, as a function of the number of extra
dimensions δ. All the limits are at 95% C.L.

δ (1/MD)δ+2 MD95 (TeV) R95 (cm)

2 0.06 ± 0.18 TeV−4 1.26 3.0 × 10−2

3 0.30 ± 0.54 TeV−5 0.95 3.9 × 10−7

4 1.1 ± 2.0 TeV−6 0.77 1.4 × 10−9

5 4.5 ± 8.4 TeV−7 0.65 5.1 × 10−11

6 18 ± 40 TeV−8 0.57 5.6 × 10−12

was developed [26] to search for events from the reac-
tion e+e− → χ0

1χ
0
1 → G̃G̃γγ, in which one neutralino de-

cays within the volume bounded by the ECAL, while the
other decays outside the detector. The event signature is a
single photon plus missing energy, but the photon does not
point back to the interaction region. The basic event selec-
tion criteria are the same as those described in Sect. 4.1,
except that the cut on the photon shower compactness is
not applied and the photon impact parameter is required
to be greater than 40 cm, which is inconsistent with the
photon originating from the interaction region. In addi-
tion, the event must have no converted photons.

To further reduce background from cosmic rays, pen-
etrating muons produced by upstream interactions of the
LEP beams with matter, and detector noise in the ECAL,
additional cuts are imposed as follows. At least 40% of the
photon energy must be recorded in the ECAL; there must
be no more than 50 fired storeys, in addition to those as-
sociated with the photon, in any one ECAL module; and
there must be no activity in either the muon chambers or
the ECAL within a transverse distance of 15 cm from the
photon candidate.

The efficiency of this selection depends on the neu-
tralino decay length in the laboratory frame, and has a
maximum value of 10% for decay lengths of around 8 m
[26]. After all cuts, two events are selected in the data.
The background from e+e− → νν̄γ(γ) is estimated to be
0.8 events. The background from cosmic rays, beam muons
and detector noise is estimated to be 0.2±0.2 events. Un-
der the assumptions of the minimal gauge-mediated model
(MGM) [27], discussed in Sect. 5.2, a limit on the mass of
χ0

1 as a function of the χ0
1 proper lifetime is computed. The

excluded region is shown in Fig. 5, along with the region
excluded by the analysis discussed in Sect. 5.2.

5 Two or more photons and missing energy

5.1 Event selection

The preselection is designed to select events with acopla-
nar photons and to reduce the background from e+e− →
γγ(γ) and doubly radiative Bhabha events e+e− →
e+e−γγ. There must be at least two photons, each with
energy larger than 1 GeV, within the acceptance region
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Fig. 5. The excluded regions in the plane of the χ0
1 mass

versus χ0
1 proper lifetime, at 95% C.L., for the reaction

e+e− → χ0
1χ

0
1 → G̃G̃γγ, under the assumptions of the MGM.

The lighter shaded region is based on the search for single
photons which do not originate from the interaction region
(Sect. 4.6); the darker shaded region is based on the search for
acoplanar photon pairs (Sect. 5.2)

|cos θ| < 0.95. There must be no charged particle tracks
(except those coming from an identified photon conver-
sion) and less than 1 GeV of non-photonic additional vis-
ible energy. The acoplanarity angle of the two most en-
ergetic photons must be smaller than 177◦, and the total
transverse momentum of the multi-photon system must
be greater than 3.75% of the missing energy. Events with
more than two photons are required to have a missing
energy larger than 0.4(

√
s).

When this selection is applied to the 189–209 GeV data,
93 events are selected, while 88 are predicted from the
process e+e− → νν̄γγ(γ). From a comparison of different
event generators [14,16], the theoretical uncertainty on
this prediction, including the effect of missing higher-order
electroweak diagrams, is estimated to be less than 5%. The
missing mass distribution and the energy distribution of
the second most energetic photon for the selected data
events are compared in Fig. 6 to the SM expectations.

5.2 Search for e+e− → χ0
1χ0

1 → G̃G̃γγ

The GMSB process e+e− → χ0
1χ

0
1 → G̃G̃γγ gives rise to fi-

nal states with two acoplanar photons for small neutralino
lifetimes. As the gravitino is nearly massless, and the de-
cay χ0

1 → G̃γ is isotropic in the χ0
1 rest frame, the photon

energy spectrum is expected to be flat. A threshold cut on
the energy of the second most energetic photon is therefore
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Fig. 6a,b. For the two photon and missing energy sample, the
distributions of a the invariant mass of the system recoiling
against the photon candidates and b the energy of the second
most energetic photon, for the data (points with error bars)
and the SM expectation (histogram)

very effective at reducing the SM background, where this
photon is predominantly produced via bremsstrahlung.
The optimization of the threshold cut was done in the con-
text of the MGM [27]. In this model the lightest neutralino
is pure bino, and the right-handed selectron (left-handed
selectron) mass is 1.1 (2.5) times the neutralino mass. At
LEP, the production of bino-like neutralino pairs proceeds
via t-channel selectron exchange, with right-handed selec-
tron exchange dominating over left-handed selectron ex-
change. Within this framework, the optimized value for
the threshold cut is 37 GeV. Four candidate events are
selected in the data, with 4.9 expected from background.

The 95% C.L. upper limit on the e+e− → χ0
1χ

0
1 pro-

duction cross section at
√

s = 207 GeV, obtained after
subtraction of the expected background, is shown in Fig. 7
for a χ0

1 → γG̃ branching ratio of 100% and a χ0
1 labora-

tory lifetime of less than 3 ns. The data collected at lower
centre-of-mass energies are included by scaling their lu-
minosities according to the cross section predictions of
the MGM. The systematic uncertainty for this analysis
is dominated by that on the photon reconstruction effi-
ciency, estimated to be smaller than 2%, and that on the
level of background from standard processes, estimated
to be 10%. The effect of these uncertainties on the cross
section upper limit, taken into account by means of the
method of [28], is less than 1%. The e+e− → χ0

1χ
0
1 cross

section in the MGM is also shown in Fig. 7. The neutralino
mass limit obtained for this model is Mχ0

1
≥ 98.8 GeV/c2

at 95% C.L. The effect of the systematic uncertainties on
the mass limit is negligible.



The ALEPH Collaboration: Single- and multi-photon production in e+e− collisions at
√

s up to 209 GeV 9

0

0.02

0.04

0.06

0.08

0.1

50 60 70 80 90 100

χ1
0 mass (GeV/c2)

C
ro

ss
 s

ec
tio

n 
(p

b)

MGM

Experimental upper limit

ALEPH

√s = 207 GeV

Fig. 7. The 95% C.L. upper limit on the e+e− → χ0
1χ

0
1 cross

section, for a χ0
1 → G̃γ branching ratio of 100% and a small χ0

1
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1
< 3 ns). Also shown is the expected cross section

in the MGM [27]

The χ0
1 mass limit as a function of the χ0

1 proper life-
time is shown in Fig. 5, together with the single photon
results described in Sect. 4.6.

The excluded region in the χ0
1–ẽR mass plane, obtained

after relaxing the mass relations of the MGM, is shown
in Fig. 8. The region where the properties of the CDF
event described in [29] are consistent with the process
qq̄ → ẽRẽR → eeχ0

1χ
0
1 → eeG̃G̃γγ [30] is also shown. Almost

the entire region favoured by the CDF event is excluded
at 95% C.L. by this analysis.

These results, together with those of Sect. 4.6, are in-
terpreted in a more general GMSB framework in [31].

5.3 Search for e+e− → XX → YYγγ

In the general case where Y is massive and the X–Y mass
difference may therefore be small, as could be the case for
the MSSM process e+e− → χ0

2χ
0
2 → χ0

1χ
0
1γγ, the photon

energies may be low. A threshold energy cut of 37 GeV,
as used in the analysis described in Sect. 5.2, is therefore
not appropriate. The selection is designed to reduce the
dominant background from e+e− → νν̄γγ(γ), character-
ized by a missing mass Mmiss near the Z mass and one or
more photons at small angles relative to the beam axis
and/or with low energies. It is therefore required that
Mmiss < 82 GeV/c2, or Mmiss > 100 GeV/c2, or the en-
ergy of the second most energetic photon be greater than
10 GeV. Furthermore, each of the two most energetic pho-
tons must have |cos θ| < 0.81.
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1χ
0
1 → G̃G̃γγ and
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gion favoured by the CDF event [29] assuming the reaction
qq̄ → ẽRẽR → eeχ0
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by the square of the branching ratio B(X → Yγ)

When this selection is applied to the data, 26 events
are selected, with 28 events expected from the e+e− →
νν̄γγ(γ) process. The resulting cross section upper limit
is shown in Fig. 9, as a function of the masses of X and
Y, assuming a X laboratory lifetime of less than 3 ns.
This limit is derived without performing background sub-
traction, but the observed candidates are taken into ac-
count only where they are kinematically consistent with
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Table 5. Observed and expected numbers of collinear photon
events and measured e+e− → γγ cross section for the different
centre-of-mass energies. The uncertainties quoted on the cross
section measurements are only statistical

√
s (GeV) Events Events Measured

observed expected cross section (pb)

189 1309 1402 9.29 ± 0.26
192 208 220 9.12 ± 0.63
196 570 587 9.00 ± 0.38
200 603 620 8.65 ± 0.35
202 311 306 8.85 ± 0.50
205 485 540 7.57 ± 0.34
207 867 906 7.93 ± 0.27

189–207 4353 4582

a given X, Y mass pairing. The limits are established at√
s = 207 GeV; lower-energy data are taken into account

with a β/s threshold dependence. The systematic uncer-
tainty on the efficiency of this selection is estimated to
be smaller than 2%, and the resulting effect on the cross
section upper limits is also smaller than 2%.

6 Hard collinear photon pairs

6.1 Event selection

Events with collinear energetic photons are selected by
requiring that there be at least two photons, each with
energy above 0.25

√
s and within the acceptance region

|cos θ| < 0.95, and that the angle between the two most
energetic photons be at least 160◦. To reduce the back-
ground from Bhabha scattering, it is further required that
there be no charged particle tracks in the event (except
those from an identified photon conversion) and that there
be at most one converted photon. Cosmic rays that tra-
verse the detector are eliminated by requiring no hits in
the outer part of the HCAL and that the measured inter-
action time in ECAL be consistent with the beam crossing
time.

The efficiency of this selection for the process e+e− →
γγ(γ) is 84%, independent of centre-of-mass energy. The
numbers of events observed and expected after the above
selection at the different centre-of-mass energies are given
in Table 5. A total of 4353 events are observed in the data,
compared with a SM expectation of 4582 events.

6.2 Measurement of the e+e− → γγ(γ) cross section

The lowest-order (Born) differential cross section for elec-
tron–positron annihilation into two photons is given by(

dσ

dΩ

)
Born

=
α2

s

(
1 + cos2 θ

1 − cos2 θ

)
. (4)

0

250

500

750

1000

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

|cosθ*|
E

nt
ri

es
/0

.0
5

ALEPH

√s = 189-209 GeV

Fig. 10. Predicted (histogram) and observed (points with error
bars) angular distributions for the reaction e+e− → γγ as a
function of |cos θ∗|, where θ∗ is the photon production angle in
the two-photon rest frame. The errors shown here are purely
statistical

The observed cross section is modified, relative to the
Born-level prediction, by higher-order radiative effects
(particularly ISR), as well as effects due to detector reso-
lution and efficiency.

Due to ISR, the centre-of-mass frame of the two de-
tected photons is not, in general, at rest in the laboratory.
The events are therefore transformed into the two-photon
rest frame to define the production angle θ∗ [1]. The mea-
sured and expected distributions of this production an-
gle, summed over data taken with

√
s between 189 and

209 GeV, are shown in Fig. 10.
The measured cross sections for events inside the ac-

ceptance region defined by |cos θ∗| < 0.95 are given, for
each centre-of-mass energy, in Table 5. These measure-
ments are corrected for radiative, as well as detector, ef-
fects. They can therefore be compared directly with the
Born cross section integrated over the acceptance region.
The ratio of observed to Born cross section for the process
e+e− → γγ is shown in Fig. 11 as a function of centre-of-
mass energy.

The systematic uncertainties on these results are listed
in Table 6 and described in [1]. The listed errors, except
the statistical error from the Monte Carlo samples, are
common for all values of

√
s. The individual contributions

added in quadrature give a total systematic uncertainty
of 2.2%. If both the statistical and systematic uncertain-
ties are taken into account the deficit of observed events
represents a 2.1σ effect.
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sents the common systematic uncertainty of ±1.9%. The error
bars represent the statistical uncertainties added in quadrature
with the small contributions from non-common systematic un-
certainties

Table 6. Systematic uncertainties on the e+e− → γγ cross sec-
tion measurement

Source Uncertainty (%)

Photon selection 1.2
Converted photon selection 0.6

Bhabha background 0.8
Integrated luminosity 0.5

Monte Carlo theory 1.0
Monte Carlo statistics 1.1

Total (in quadrature) 2.2

6.3 Search for TeV-scale quantum gravity

In the framework of quantum gravity [8] mentioned in
Sect. 4.5, the e+e− → γγ SM cross section is modified due
to additional amplitudes in which a spectrum of virtual
gravitons are exchanged in the s-channel. The modified
cross section is given by [25](

dσ

dΩ

)
=

(
dσ

dΩ

)
Born

− λαs

2π

(
1

M±
s

)4

(1 + cos2 θ)

+
s3

16π2

(
1

M±
s

)8

(1 − cos4 θ), (5)

where λ is a phase factor in the interference term which for
simplicity is assumed here to take only values of ±1, and
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Fig. 12. The ratio of the observed to the predicted differential
cross section for e+e− → γγ as a function of |cos θ∗|, where θ∗

is the photon production angle in the two-photon rest frame.
The dotted and dashed lines correspond to the predictions for
virtual graviton exchange, with M+

s (M−
s ) equal to its 95%

C.L. lower limit of 0.80 (0.85) TeV

M+
s and M−

s are the corresponding string scale parame-
ters. In the absence of a full theory of quantum gravity,
Ms cannot be precisely calculated in terms of the mass
scale MD, but the ratio Ms/MD is expected to be of order
unity.

A binned maximum likelihood fit is performed to the
data displayed in Fig. 10 for the parameters ε± = ±(1/
M±

s )4. The systematic uncertainty of 2.2% and the centre-
of-mass energy dependence of the cross section are taken
into account in the likelihood function. The fit gives

ε± = ±(1/M±
s )4 = −0.46 ± 1.10 TeV−4. (6)

The corresponding 95% C.L. lower limits on M+
s and M−

s

are 0.80 TeV and 0.85 TeV, respectively. The ratio of the
measured differential cross section to the SM prediction is
shown in Fig. 12 as a function of |cos θ∗|. Also indicated
are the predictions with M±

s set to their lower limit values.

6.4 Search for contact interactions

If the electron and photon have non-standard contact in-
teractions of the form eeγ or eeγγ in addition to the QED
interaction, the differential cross section for e+e− → γγ is
modified compared to the SM prediction. Three gauge-
invariant contact interactions, of dimensionality 6, 7 and
8, are considered [9], and are parameterized by the char-
acteristic mass scales Λ6, Λ7 and Λ8, respectively. The
modified differential cross sections can be expressed as



12 The ALEPH Collaboration: Single- and multi-photon production in e+e− collisions at
√

s up to 209 GeV

Table 7. Fit parameter ε = f4
γ/(Λ4M2

e∗), for various values of
Me∗ , as obtained from a fit to the e+e− → γγ data

Me∗ (GeV) ε (TeV)−6

200 −1030 ± 6200
300 −930 ± 4080
400 −890 ± 3400

1000 −850 ± 2760
5000 −842 ± 2650

(
dσ

dΩ

)
6

=
(

dσ

dΩ

)
Born

+
αs

Λ4
6
(1 + cos2 θ),(

dσ

dΩ

)
7

=
(

dσ

dΩ

)
Born

+
s2

32πΛ6
7
,(

dσ

dΩ

)
8

=
(

dσ

dΩ

)
Born

+
s2m2

e

64πΛ8
8
,

where me is the electron mass. A fit is performed to the
experimental data as described above, yielding the re-
sults 1/Λ4

6 = −0.07 ± 0.18 TeV−4 and 1/Λ6
7 = −1.07 ±

3.36 TeV−6. Results on Λ8 are derived from those on Λ7:
1/Λ8

8 = −8.2±25.7×1012 TeV−8. The corresponding 95%
C.L. lower limits on Λ6, Λ7 and Λ8 are 1.35 TeV, 0.74 TeV
and 21.4 GeV, respectively.

6.5 Search for excited electrons

An excited electron e∗, with a coupling ee∗γ, can be ex-
changed in the t-channel of the reaction e+e− → γγ, and
thereby modify the SM differential cross section. For the
chiral magnetic coupling of [10], the differential cross sec-
tion is [11](

dσ

dΩ

)
=

(
dσ

dΩ

)
Born

+
α2

4
f4

γ

Λ4M2
e∗

[
p4

(p2/M2
e∗ − 1)2

+
q4

(q2/M2
e∗ − 1)2

+

1
2
s2 sin2 θ

(p2/M2
e∗ − 1)(q2/M2

e∗ − 1)

]
, (7)

where fγ is a dimensionless coupling constant, p2 = −(s/2)
(1 − cos θ), q2 = −(s/2)(1 + cos θ), Me∗ is the mass of the
excited electron, and Λ represents the compositeness scale.
This differential cross section is fitted to the experimental
data to determine the parameter ε = f4

γ/(Λ4M2
e∗) for var-

ious values of Me∗ . The results of the fit are summarized
in Table 7. For Λ = Me∗ and fγ = 1, a 95% C.L. lower
limit of 213 GeV/c2 is obtained on Me∗ .

7 Conclusions

Single- and multi-photon production in e+e− collisions
has been studied with the ALEPH data collected at LEP

at centre-of-mass energies between 189 and 209 GeV. The
measured cross sections for the processes e+e− → νν̄γ(γ)
and e+e− → γγ(γ) are in agreement with the predictions
of the standard model. The number of light neutrino gen-
erations has been measured to be Nν = 2.86 ± 0.09. Con-
straints have also been placed on the parameters of a
number of models which predict deviations from the SM
expectations for the single photon and missing energy,
two-photon and missing energy, and hard collinear pho-
ton final-state cross sections.
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