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Abstract

A review of the experimental results on two photon collisions at LEP is given.
Selected results on energy dependence of cross sections are presented. The total
cross section for γγ → hadrons is measured for two-photon centre-of-mass energies
up to 185 GeV. The QCD predictions are tested in collisions of quasi-real photons
with jet, inclusive single hadron or heavy flavour (cc̄ and bb̄) production, and by
measurement of the total hadronic cross section in virtual γ∗γ∗ collisions.
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Fig. 1. Hadronic final state in
two-photon collisions.

A quasi-real photon interacts as a
hadron due to quantum fluctuations
into vector mesons or into quark-
antiquark pairs. The γγ cross section is
composed (Figure 1) by a ”soft (VDM)”
interaction, which can be described by
hadronic phenomenology, like the Regge
poles, a point like two-photon reaction,
γγ → qq̄, which is exactly calcula-
ble in QED (direct component) and a
”hard component” (resolved or anoma-
lous or QCD component) which implies
the knowledge of the quark and gluon
density in the photon. The ”hard com-
ponent” of two-photon interactions can
be accessed in measurements of high-pt

Preprint submitted to Elsevier Preprint 15 October 2001



single particle and jet production, the heavy flavour production and in a scat-
tering of highly virtual photons. A hard physical scale is given then by pt or
by c(b)-quark mass or by large virtuality Q2 of the photon.

2 Total hadronic γγ cross section

The cross section of γγ → hadrons process has been measured at LEP by
the L3 [1,3] and the OPAL [2] for γγ centre-of-mass energies up to 185 GeV.
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Fig. 2. Total cross section for
hadron production in two-photon
collisions. (left) The cross section
dσ(e+e− → e+e−hadrons)/dWγγ mea-
sured at various LEP beam energies,
91 GeV <

√
s < 202 GeV. (right)

The two-photon total cross section
obtained by correcting the full data
sample with PYTHIA and PHOJET.

The energy of a photon-photon colli-
sion is determined from the hadronic
final state. The visible mass, Wvis,
of the event is calculated from the
four-momentum vectors of the mea-
sured particles (tracks and calorimet-
ric clusters). The hadronic final state
is not always fully contained in a de-
tector acceptance. Unfolding proce-
dure is applied to go from the mea-
sured Wvis to the true γγ centre-of-
mass energy Wγγ . From the num-
ber of events, corrected with Monte
Carlo generator (PYTHIA or PHO-
JET) in each Wγγ bin, the cross sec-
tion dσ(e+e− → e+e−hadrons) is
measured, Figure 2(left). From the
dσ(e+e− → e+e−hadrons) the total cross section of two real photons is ex-
tracted by calculating the photon flux and extrapolating the hadronic two-
photon processes to zero Q2.
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Fig. 3. Maximum rapidity gap ∆ηmax

distribution. The gap ∆η is the dif-
ference of the pseudorapidity η of any
two particles, neutral or charged. Both
PYTHIA and PHOJET underestimate
the particle production in the diffrac-
tive region (high values of ∆ηmax).

Figure 2(right) shows the σγγ mea-
surements by L3 and OPAL collabo-
rations. The difference between the
open and the full dots reflects the
difference on selection efficiency and
unfolding corrections given by the
two generators. The measurements
by L3 and OPAL agree when the
same generator is used in the anal-
ysis, but there is a systematic dif-
ference of order 20 ÷ 50 % between
the two Monte Carlo models used in
analysis. This is mostly due to a dif-
ferent modelling of diffractive events.
Discrepancy between data and pre-
dictions in a diffractive region is demonstrated by OPAL by measuring the
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maximum rapidity gap ∆ηmax, Figure 3. It shows that PYTHIA and PHO-
JET both underestimate the particle production in the diffractive region (high
values of ∆ηmax). Finally, the cross section is given as average of the two gen-
erators, Figure 4, where a model dependence is dominating systematic error.
A parametrization [4] of the cross section by the form σtot = A sε + B s−η

describes well the energy behaviour of all total hadron-hadron cross sec-
tions. A fit with A, B and ε as free parameters (η = 0.358[5]) gives:

ε = 0.225 ± 0.021, L3

ε = 0.101 + 0.025/ − 0.019, OPAL

The L3 ε value is about a factor of 2.5 higher than the universal value ε =
0.093±0.02 [5], independent of the Monte Carlo model used to correct the data,
while OPAL fit is consistent with PDG value.
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Fig. 4. Predictions for two-photon total
cross section [8–10].

The L3 fit [3] shows that reggeon
part (slope described by η) and
Pomeron part (slope described by
ε) of the fit are strongly cor-
related. Fitting only high en-
ergy part (Pomeron) the slope in-
creases from ε = 0.116 ± 0.016
(the OPAL measurement range)
to ε = 0.202±0.035 for W min

γγ from
17 GeV to 47 GeV. It means the
slope is not a fundamental constant but rather illustrates the inset of QCD
phenomena. The two-photon cross section at high energies can be estimated
from proton-proton and photoproduction total cross sections assuming factor-
ization for the Pomeron term: σγγ ≈ σ2

γp/σpp. The predictions thus obtained
are consistent with the two-photon measurement, Dual Parton Model curve
[8] in Figure 4(left). Several QCD inspired models [6,7,9,10] are also in a qual-
itative agreement with the data (Figure 4).

3 Charm and beauty production

The production of heavy quarks in two-photon collisions consists mainly of
charm quarks. Because of their smaller electric charge and larger mass, the
production of b-quarks is expected to be suppressed by more than two orders
of magnitude relative to the production of charm quarks. The resolved photon
cross section is dominated by the photon-gluon fusion diagram γg → cc̄, bb̄. At
LEP energies, the direct and resolved processes are predicted to give compa-
rable contributions to the cross section [12]. Measurements of charm produc-
tion in two-photon collisions were done at LEP by ALEPH[13], DELPHI[14],
L3[15,16] and OPAL[18] collaborations. Beauty production has been measured
by L3[16] for the first time in gamma-gamma collisions. Preliminary result on
beauty production from OPAL collaboration has been presented at PHO-
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Fig. 5. Charm and beauty production in
two-photon collisions.

Charm particles in the final state
were identified by the reconstruc-
tion of charged D∗ meson de-
cays by ALEPH, DELPHI, L3
and OPAL. Both, charm and
beauty quarks were identified by
the L3 collaboration using tag-
ging by electrons and muons from
semileptonic charm and beauty
decays. The total inclusive charm
cross sections are plotted in Fig-
ure 5 together with previous mea-
surements. The data are com-
pared to the theory predictions
of Ref.[12]. The dashed line cor-
responds to the direct process,
NLO QCD calculation, while the solid line shows the QCD pre-
diction for the sum of the direct and the resolved processes cal-
culated to NLO accuracy. The cross section of charm production
with a D∗ tag is in agreement with the lepton tag measurement.
In Figure 6 the DELPHI [14], L3 [25] and OPAL [18] measurements of the dif-
ferential cross section dσ/dP D∗

T are compared to NLO QCD calculations [24]
used the massive matrix elements approach. The measurements are in agree-
ment with each other and with QCD calculations.
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Fig. 6. The differential D∗ cross section
dσ/dP D∗

T .

The L3 collaboration measured
the cross sections σ(e+e− →
e+e−cc̄X) and σ(γγ → cc̄X) in
the interval 5 GeV ≤ Wγγ ≤ 70
GeV[17].
Figure 7 shows the σ(γγ → cc̄X)
as function of Wγγ at

√
s = 189−

202 GeV with NLO QCD calcula-
tions [24]. In the calculations the
charm mass, mc, is fixed to 1.2
GeV, the renormalization and fac-
torization scales are set to mc and
2mc, respectively, the QCD pa-
rameter ΛQCD

5 is set at 227.5 MeV,
and the GRS-HO [26] photon par-
ton density function is used. Us-
ing this set of input parameters,
the NLO QCD predictions repro-
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duce well the energy dependence and the normalization. The calculation with
mc = 1.5 GeV results in about 50% lower cross section values, except the first
point, where it is lower by 25%. A change in the renormalization scale from
mc to 2mc decreases the QCD prediction by 10% and 30% at low and high
Wγγ respectively. The measured charm cross section is also compared with the
total cross section of hadron production in two-photon collisions [3], scaled by
an arbitrary factor 1/20. A steeper rise with energy is observed as compared
to hadron-hadron cross sections and to σ(γγ → hadrons). The fit of the form
σtot = A sε + B s−η, with fixed value of η = −0.358 [5] gives for the Pomeron
slope ε = 0.40 ± 0.08(stat).
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Fig. 7. Cross section σ(γγ → cc̄) versus
Wγγ by L3.

Leptons from b semi-leptonic de-
cays are more energetic than from
charm semi-leptonic decays and
non-charm two-photon processes.
To select bb̄ events L3 apply cuts
on the lepton momentum and
transverse momentum with re-
spect to the closest jet defined
by excluding the lepton from the
jet. After all cuts are applied 137
electron and 269 muon candidates
remain. The beauty purity is 42
% and 52 %, respectively. The
beauty selection efficiency is 1.25
% for the electron and 2.2 % for
the muon tag. The beauty produc-
tion cross section in γγ collisions
has been measured by L3 to be
σee→eebbX = 13.1 ± 2.0 (st) ± 2.4 (sys) pb. The preliminary result by OPAL
using muon tag is σee→eebbX = 14.2 ± 2.5 (st) ± 5.0 (sys) pb [19]. The mea-
sured b cross section lie about 4 standard deviations above QCD prediction,
Figure 5. This is particularly interesting as measurements of beauty produc-
tion in pp̄ collisions by CDF [20] and DØ [21] as well as in ep collisions by
H1 [22] and ZEUS [23] have been found to be a factor ∼2–3 higher than NLO
QCD predictions.

4 Total hadronic γ∗γ∗ cross section

The cross-section measurement for scattering of two virtual photons is con-
sidered as ”golden” process to test the BFKL dynamics which is proposed
in [27]. Double-tag events in two-photon collisions are studied by the L3 [29]
and OPAL [30] collaborations at the LEP center of mass energies

√
s ' 91−

209 GeV. The cross-section of γ∗γ∗ collisions is measured at an average pho-
ton virtuality up to 〈Q2〉 = 16 GeV2. The γ∗γ∗ interaction can be seen as
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the interaction of two qq̄ pairs scattering off each other via multiple gluon
exchange. For the highly virtual two-photon process, with Q2

1 ' Q2
2, the cal-

culation can be verified without phenomenological inputs as non-perturbative
QCD contributions are expected to vanish [28]. The L3 selects [29] 137 events
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at
√

s ' 91 GeV with 〈Q2〉 = 3.5 GeV2, 34 events at
√

s ' 183 GeV with
〈Q2〉 = 14 GeV2 and 491 events at

√
s ' 189−209 GeV with 〈Q2〉 = 16 GeV2.
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Fig. 9. The differential cross-sections of
the e+e− → e+e−hadrons process (a) and
the cross-sections of the γ∗γ∗ → hadrons
processes (b) by OPAL.

The dominant background pro-
cesses are e+e− → e+e−τ+τ− and
misidentified single-tagged events.
The true value of Wγγ is calcu-
lated from the missing mass of the
two scattered electrons, Wee. This
avoids an unfolding procedure,
which calculates Wγγ from the ef-
fective mass of the hadrons seen
in the detector, Wvis. However the
Wee variable is affected by the
QED radiative corrections. In the
present analysis they are taken
into account in the Monte Carlo
generators. In Figure 8(a,b,c) the
measured cross section e+e− →
e+e−γ∗γ∗ → e+e−hadrons is plot-
ted together with prediction for
direct (QPM) process and with the prediction of QCD Monte Carlo model
implemented in the PHOJET generator [8]. The cross section is plotted as
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function Q1Q2, Wγγ and of variable Y = ln(s/s0) ' ln(Wγ∗γ∗/Q1Q2). The
QPM cross section lies below the data, while QCD prediction is in a reason-
able agreement with the data.

The value of the cross section at 5 < Y < 7 exceeds the Monte Carlo prediction
by about 3.5 standard deviations. This may be interpreted as a sign of resolved
photon QCD processes or the onset of BFKL phenomena. The two-photon
cross-section is extracted from the e+e− → e+e−hadrons cross-section, σee, by
using only the transverse photon luminosity function [31], σee = LTT · σγ∗γ∗ .
The two-photon cross-section, σγ∗γ∗ is shown in Figure 8(d,e,f). Figure 9 shows
preliminary measurement by the OPAL which supports the L3 observations.

5 Jet and single particle production
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Fig. 10. (left) The inclusive two-jet cross
section as a function of Ejet

T by OPAL
compared with the NLO QCD calcula-
tions [34], (right) the charge hadron pT

distribution measured in γγ interactions is
compared to the pT distribution measured
in γp and hp (h = π,K) interactions.

Di-jet production, the produc-
tion of charged hadrons and K0

S

mesons in the collisions of quasi-
real photons has been measured
by OPAL [32]. The production of
π0 and K0

S mesons has been mea-
sured by L3 in [33]. The inclu-
sive two-jet cross section is shown
in Figure 10(left) as a function
of Ejet

T . The distribution is com-
pared to a NLO QCD calculation
[34]. The measured cross sections
are in good agreement with NLO
QCD calculations except for the
first bin were the NLO calculations are not reliable.

The inclusive two-jet cross section is dominated by the resolved processes in
the low Ejet

T region, at high Ejet
T the direct process contribution is the largest.
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compared with NLO QCD calculations [34].

The Monte Carlo models PYTHIA
and PHOJET describe the trans-
verse energy flow around the jets
reasonably well. Figure 10(right)
shows the inclusive pT distri-
bution for the charged hadrons
measured in γγ interactions by
OPAL and compared to the pT

distribution measured in γp and
hp (h = π, K) interactions by
WA69. There is an evidence for
hard photon interactions (direct
process contribution) in addition to the hadronic photon interactions. A clear
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deviation is seen at large pT from the exponential fall-off expected for purely
hadronic interactions.

Figure 11 shows the inclusive pT distribution for π0 and K0
S mesons measured

by L3 and compared to NLO QCD calculations [34]. The transverse momen-
tum and pseudorapidity distributions of the K0

S mesons are well reproduced
by the NLO calculations, while high pT part of the π0 spectrum is in excess
of the prediction.

6 Outlook

Two Photon Physics studies at LEP have substantially improved (extended)
the corresponding previous measurements. There are several measurements
which have been performed for the first time in γγ collisions. Analysing the full
LEP data sample will further contribute to this rich and important research
field.
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