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Abstract. A review of the recent experimental results on two-photon physics at LEP2 is presented. Dif-
ferential cross-sections are measured for double-tagged hadronic γγ events by the ALEPH and OPAL
collaborations. Single particle inclusive differential cross-sections are measured by the L3 experiment at
center-of-mass energies between 189 GeV and 202 GeV. For the first time at LEP the production of prompt
photons is studied in the collision of quasi-real photons using data taken by the OPAL experiment at LEP2
energies.

1 Introduction

Photons can interact with hadrons either directly by cou-
pling to the electric charge of quarks or according to the
Vector Dominance Model (VDM) where the photon cou-
ples to a vector meson carrying the same quantum num-
bers as the photon. If a quark (or a QCD evolved quark
or gluon) coupling to the photon in either of the above
ways participates in a hard scattering process it is said to
originate from a resolved photon. These different photon-
hadron interactions are illustrated in Fig. 1.

The classical way to investigate the structure of the
photon at e+e− colliders is the measurement of the process

e+e− → e+e−γγ → e+e−X,
where the photons can be quasi-real or virtual and X de-
notes the hadronic final state. If both the electron and
positron are observed (double − tagged) the dynamics of
highly virtual photon collisions is probed. If only one elec-
tron is observed (single − tagged) the process can be de-
scribed as deep-inelastic electron scattering off a quasi-real
photon. These events have been studied to measure both
leptonic and hadronic photon structure functions. In the
case where none of the electrons is observed (untagged),
the structure of the quasi-real photon is studied in terms of
total cross-sections, jet production and heavy quark pro-
duction.

2 Hadronic final states in γγ collisions

As shown in Fig. 1., the process of γγ → hadrons has con-
tributions from a “soft” VDM interaction, a point like two
photon reaction and a “hard” resolved component (single
and double). The γγ → qq̄ process is exactly calculable in
QED, whereas the resolved processes are sensitive to the
density of quarks and gluons in the photon.
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Fig. 1. Hadronic final states in two-photon collisions

The VDM process dominates in the “soft” interaction re-
gion, where hadrons are produced with a low transverse
momentum pT . Hadrons with high pT are produced by
the QED process γγ → qq̄ or by resolved processes.

3 Two-photon processes

3.1 Double-tagged γγ events

Double-tagged hadronic events in two photon collisions
are studied at LEP by the ALEPH [1], L3 [2] and OPAL [3]
collaborations. The γ∗γ∗ interaction can be seen as the
interaction of two qq̄ pairs scattering off each other via
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Fig. 2. Cross-sections for a, the process e+e− → e+e−hadrons
in the region E1,2 > 0.4 Ebeam, 34 < θ1,2 < 55 mrad and W >
5 GeV, and for b, the process γ∗γ∗ → hadrons, as function of
x for 〈Q2〉 = 17.9 GeV2
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Fig. 3. Differential cross-section as a function of the deep in-
elastic scattering variable x in the phase space defined by the
electron energies E1,2 > 0.3 Ebeam, the polar angles of the
electrons 35 < θ1,2 < 155 mrad and the mass of the hadronic
system Wγγ > 3 GeV

multiple gluon exchange. For processes with large photon
4-momentum transfer squared and Q2

1 � Q2
2, the calcula-

tion can be performed without phenomenological inputs
as non-perturbative QCD contributions are expected to
vanish. An effective two-photon cross-section, σγ∗γ∗ , is ex-
tracted from the e+e− → e+e−hadrons cross-section, σee,
by using the QED calculable transverse photon luminosity
function; LTT = σee/σγ∗γ∗ .

Differential cross-sections are measured as function of
several kinematical variables (x, Q2, Wγγ , Y,etc.). The ma-
jority of measured distributions are well described in shape
by Monte Carlo models but require adjustments in nor-
malization to match the data. In Fig. 2 and Fig. 3. cross-
sections as funtion of the Björken variable x are shown
from the OPAL and ALEPH experiment, respectively. The
NLO QCD predictions also give resonable description ly-
ing slightly below the data as shown in Fig. 3.
The cross-section measurement for scattering of two vir-
tual photons is considered as “golden” process to test the
BFKL dynamics. To compare data to BFKL calculations
the variable Y = ln(s/s0) � ln(W 2

γ∗γ∗/
√

Q2
1Q

2
2) is de-

fined. As shown in Fig. 4. the LO BFKL calculation is
barely in agreement with the data for any value of the
Regge scale parameter. Calculations including dominant
higher order corrections and the NLO BFKL calculations
predict smaller effects in the LEP range and are found to
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Fig. 4. The σγγ cross-section as a function of Y in compar-
ison with LO BFKL and NLO BFKL, the range giving the
uncertainty estimated from the variation of the Regge scale
parameter from Q2 to 10 Q2 and from Q2 to 4 Q2, respec-
tively

be consistent with the measured cross-sections. The lim-
ited statistics and available Y range of the data prevent
establishing or ruling out the onset of BFKL dynamics in
this reaction.

3.2 Inclusive single particle production

Inclusive charged hadron [7] and inclusive π0 and K0
S [8]

production in two-photon collisions were studied by the L3
collaboration at LEP2 energies using data corresponding
to 414 pb−1 of integrated luminosity. Inclusive π0 pro-
duction is measured via the decay π0 → γγ associated to
two electromagnetic clusters while inclusive K0

S produc-
tion is measured using the decay K0

S → π+π−. Assuming
the fragmentation functions implemented in JETSET are
correct, the π± and the K± inclusive cross-sections are
extracted from the charged hadron cross-section. Good
agreement is found between the extracted π±, K± cross
section and the measured π0, K0

S ones. Differential cross-
sections as a function of the transverse momentum pT

and of the pseudorapidity |η| are calculated for Wγγ ≥
5 GeV and a photon virtuality Q2 ≤ 8 GeV2. Results
are shown in Fig. 5. The data are compared to NLO
QCD predictions. The behavior of dσ/dpT in the low-pT

range is described by an exponential which is characteris-
tic of hadrons produced by soft interactions. At higher pT

the exponential behaviour breaks down due to the direct
γγ → qq̄ process and resolved photon interactions. The
agreement of the NLO QCD prediction with the data is
satisfactory in the K0

S case (only low pT region is mea-
sured) but, as shown in Fig. 5.a, it is poor for the π0 and
also for the charged hadron cases in the high-pT range
for any choice of scale. Figure 5.b shows that the shape
of the dσ/d|η| differential cross-section is reproduced by
NLO QCD prediction.

3.3 Isolated prompt photon production

In leading order, prompt photons are restricted to resolved
processes, i.e. to processes in which at least one of the in-
coming photons has fluctuated into hadrons. Therefore,
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Fig. 5. Inclusive differential cross-sections dσ/dpT and dσ/d|η|
compared to NLO QCD predictions for π0 production for a,
|η| < 0.5 b, pT > 1GeV. The NLO calculations are given for
the QCD scale equal to pT (solid line) and for the scales 0.5
pT (upper dashed line) and 2 pT (lower dashed line). The con-
tribution of the direct QED process is also indicated

prompt photons can be used to investigate the hadronic
substructure of the photon. The event signatures are usu-
ally less subject to hadronization corrections than are di-
jet or hadronic signatures which are also used to extract
the photonic substructure. However, the cross-section for
prompt photon production is typically smaller by a factor
of 1/αEM than the dijet cross-section.

The data used in the analysis were taken by the
OPAL [6] detector at center-of-mass energies

√
s = 183-

209 GeV and correspond to an integrated luminosity of
about 649 pb−1. Since over this energy range the varia-
tion of the cross-section for prompt photon production is
expected to be less than the statistical error of the data,
all energies are analysed together.

The event selection is set up so that only anti-tagged
photon-photon collision events are kept, i.e. events with
a scattered e± detected are rejected. Isolated photon
candidates are then searched for in the electromagnetic
calorimeter. A photon signal can originate from a prompt
photon but also from π0 or η mesons decaying into two
photons as well as annihilation of antineutrons, n̄, in the
detector material. A cluster shape analysis is used to re-
move background events. In order to reject photons from
particle decays or fragmentation processes, the isolation
criterion suggested by Frixione [9] was applied. Events
with more than one candidate photon are rejected. Af-
ter applying all cuts the total cross-section is measured to
be σ = 0.32 ± 0.04(stat) ± 0.04(sys) pb.

The differential cross-sections in pT and |η| have been
studied and compared to predictions of an NLO QCD cal-
culation by Fontannaz et al . [10] and of the PYTHIA
Monte Carlo program using the SaS-1d photon parton
density distributions.

As shown in Fig. 6. in both cases PYTHIA reproduces
the shape of the distributions well but underestimates the
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Fig. 6. Differential cross-sections dσ/dpT and dσ/d|η| for in-
clusive prompt photon production in the kinematic range |η| <
1 and pT > 3.0 GeV

cross-sections, whereas the NLO calculation describes well
the shape and normalization of the data.

4 Conclusion

In case of double-tagged hadronic events a good agree-
ment with Monte Carlo simulations and NLO BFKL cal-
culations was found. The production of isolated prompt
photons is described well by NLO QCD calculation for 3
GeV < pγ

T < 12 GeV. For inclusive single hadron pro-
duction good agreement is found for pT < 4 GeV when
the NLO QCD calculation is compared to data but a large
excess is observed in the range of 10 GeV < pT < 20 GeV.
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