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2 Richard Nisius

a photon has small virtuality, and the corresponding electron is not observed in
the experiment, it is called a quasi-real photon, . If the electron is observed,
the photon is far o�-shell, and the virtual photon is denoted with ?. As the
two photons can either be quasi-real or virtual the reactions are classi�ed as
 scattering (photon-photon scattering or anti-tagged events), ? scattering
(deep inelastic electron-photon scattering or single tag events), and ?? scat-
tering (double tag events). In each of the classes, di�erent aspects of the photon
structure can be investigated. Due to space limitations not all results can be re-
viewed here, only a personal selection has been chosen driven by the relevance of
the di�erent topics in the context of this workshop on HERA physics. The main
results not covered here concern resonance production and glueball searches,
which are described in Ref. [1].

2 RESULTS FROM  SCATTERING

The  scattering reaction has the largest hadronic cross-section at LEP2 en-
ergies. The main topics studied are the total hadronic cross-section for photon-
photon scattering, � , and more exclusively, hadron production, jet cross-sec-
tions and the production of heavy quarks.

2.1 THE TOTAL PHOTON-PHOTON CROSS-SECTION

The measurement of � is both, interesting and challenging. It is interesting, be-
cause in the framework of Regge theory � can be related to the total hadronic
cross-sections for photon-proton and hadron-hadron scattering, �p and �hh,
and a slow rise with the photon-photon center-of-mass energy, s = W 2, is pre-
dicted. It is challenging, �rstly, because experimentally the determination of
the hadronic invariant mass, W , is very diÆcult due to limited acceptance and
resolution for the hadrons created in the reaction and secondly, because the
composition of di�erent event classes, for example, di�ractive and quasi-elastic
processes, is rather uncertain, which a�ects the overall acceptance of the events.
The �rst problem is dealt with by determining W from the visible hadronic
invariant mass using unfolding programs. The second uncertainty is taken into
account by using two models, namely PHOJET [2] and PYTHIA [3], for the
description of the hadronic �nal state and for the correction from the accepted
cross-section to � , leading to the largest uncertainty of the result.

The published measurements of � by L3 [4] and by OPAL [5] are shown
in Figure 2(left). Both results show a clear rise as a function of W . The cross-
section � is interpreted within the framework of Regge theory, motivated by
the fact that �p and �hh are well described by Regge parametrisations using
terms to account for pomeron and reggeon exchanges. The originally proposed
form of the Regge parametrisation for � is

�(s) = X1s
�1 + Y1s

��1 ; (1)
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Fig. 2. The published results on � as a function of W (right), and an illustration of
the spread of the �t results to various data (left).

where s is taken in units of GeV2. The �rst term in the equation is due to
soft pomeron exchange and the second term is due to reggeon exchange. The
exponents �1 and �1 are assumed to be universal. The presently used values of
�1 = 0:095�0:002 and �1 = 0:034�0:02 are taken from Ref. [6]. The parameters
were obtained by a �t to the total hadronic cross-sections of pp, p�p, ��p, K�p, p
and  scattering reactions. The coeÆcients X1 and Y1 have to be extracted
from the  data. The values obtained in Ref. [6] by a �t to older  data,
including those of L3 from Ref. [4], are X1 = (156� 18) nb and Y1 = (320�
130) nb. Recently an additional hard pomeron component has been suggested
in Ref. [7] leading to

�(s) = X1s
�1 +X2s

�2 + Y1s
��1 ; (2)

with a proposed value of �2 = 0:418 and an expected uncertainty of �2 of about
�0:05. Di�erent �ts to the data have been performed by the experiments.

The interpretation of the results is very diÆcult, because, �rstly the parame-
ters are highly correlated, secondly, the main region of sensitivity to the reggeon
term is not covered by the OPAL measurement and thirdly, di�erent assumptions
have been made when performing the �ts. The correlation of the parameters of
Eq. (2) can be clearly seen in Figure 2(right a,b), where the theoretical predic-
tions are shown, exploring the uncertainties for the soft pomeron term in (a) and
for the reggeon as well as for the hard pomeron term in (b), using the central
values and errors quoted in Ref. [6]. It is clear from Figure 2(right a,b) that by
changing di�erent parameters in (a) and (b) a very similar e�ect on the rise of
the total-cross section can be achieved. Figure 2(right c) shows the spread of the
best �t curves for various data and various �t assumptions explained below. In
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Fig. 3. Fits to the total hadronic cross-section for photon-photon scattering as a
function of W for OPAL data at

p
see = 161 � 189 GeV (left), and for L3 data atp

see = 189 GeV using two di�erent Monte Carlo models for correcting the data (right).

Figure 2(right a-c) in addition the results from Ref. [5] are shown to illustrate
the size of the experimental uncertainties.

Examples of di�erent �ts are shown in Figure 3 taken from Refs. [5,8]. They
yield the following results:

� The OPAL data, within the present range of W , can be accounted for
without the presence of the hard pomeron term. When �xing all exponents
and Y1 to the values listed above the �t yields X2 = (0:5 � 0:2+1:5�1:0) nb,
which is not signi�cantly di�erent from zero, and X1 = (182 � 3 � 22) nb,
which is consistent with the values from Ref. [6]. Using X2 = 0 and leaving
only �1 and X1 as free parameters results in �1 = 0:101 � 0:004+0:025�0:019 and

X1 = (180� 5+30�32) nb, Figure 2(right, c, full), again consistent with Ref. [6].
� In all �ts performed by L3 the hard pomeron term is set to zero. The

L3 data from Ref. [4] can be �tted using the old values for the exponents of
�1 = 0:0790� 0:0011 and �1 = 0:4678� 0:0059 from Ref. [9] leading to X1 =
(173� 7) nb and Y1 = (519� 125) nb, Figure 2(right, c, dash). The L3 data
at
p
see = 189 GeV indicate a faster rise with energy. Using �1 = 0:95 and

�1 = 0:34, and the PHOJET Monte Carlo for correcting the data, leads to
X1 = (172� 3) nb and Y1 = (325 � 65) nb, but the con�dence level of the
�t is only 0.000034 [8]. Fixing only the reggeon exponent to �1 = 0:34 leads to
�1 = 0:222 � 0:019=0:206� 0:013, X1 = (50 � 9) = (78 � 10) nb and Y1 =
(1153� 114) = (753 � 116) nb, when using PHOJET/PYTHIA, Figure 2(right,
c, dot/dot-dash).

In summary, the situation is unclear at the moment with OPAL being con-
sistent with the universal Regge prediction, whereas L3 indicating a faster rise
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with s for the data at
p
see = 189 GeV. In addition, the L3 data taken at dif-

ferent center-of-mass energies show a di�erent behaviour of the measured cross-
section, with the data taken at

p
see = 133 � 161 GeV being lower, especially

for W < 30 GeV.

2.2 THE PRODUCTION OF CHARGED HADRONS

The production of charged hadrons is sensitive to the structure of the photon-
photon interactions without theoretical and experimental problems related to
the de�nition and reconstruction of jets. The two main results from the study
of hadron production at LEP are shown in Figure 4.
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Fig. 4. The di�erential single particle inclusive cross-section for hadron production
in photon-photon scattering at

p
see = 161� 172 GeV compared to other experiments

for 10 < W < 30 GeV (left), and compared to next-to-leading order calculations for
10 < W < 125 GeV (right).

In Figure 4(left) the di�erential single particle inclusive cross-section d�=dpT
for charged hadrons for  scattering as obtained by OPAL [10], with 10 < W <
30 GeV, is shown, together with results from p, �p and Kp scattering from
WA69 with a hadronic invariant mass of 16 GeV. The WA69 data are normalised
to the  data at pT � 0:2GeV. In addition, ZEUS data fromRef. [11] on charged
particle production in p scattering with a di�ractively dissociated photon are
shown. These data have an average invariant mass of the di�ractive system of
10 GeV, and again they are normalised to the OPAL data. In Figure 4(right)
the di�erential single particle inclusive cross-section for 10 < W < 125 GeV is
compared to next-to-leading order QCD predictions. The main �ndings are:

� The spectrum of transverse momentum of charged hadrons in photon-
photon scattering is much harder than in the case of photon-proton, hadron-
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proton and `photon-Pomeron' interactions. This can be attributed to the direct
component of the photon-photon interactions.

� The production of charged hadrons is found to be well described by the
next-to-leading order QCD predictions from Ref. [12] over a wide range of W .
These next-to-leading order calculations are based on the QCD partonic cross-
sections, the next-to-leading order GRV parametrisation of the parton distribu-
tion functions and on fragmentation functions �tted to e+e� data. The renor-
malisation and factorisation scales are set equal to pT.

2.3 JET PRODUCTION

Jet production is the classical way to study the partonic structure of particle
interactions. At LEP the di-jet cross-section in  scattering was studied in
Ref. [13] at

p
see = 161�172 GeV using the cone jet �nding algorithm with R =

1. Three event classes are de�ned, direct, single-resolved and double-resolved
interactions. Here, direct means that the photons as a whole take part in the
hard interaction, whereas resolved means that a parton of a hadronic uctuation
of the photon participates in the hard scattering reaction. Experimentally, direct
and double-resolved interactions can be clearly separated using the quantity

x� =

P
jets=1;2(E � pz)
P

hadrons(E � pz)
; (3)

whereas a selection of single-resolved events cannot be achieved with high purity.
Ideally, in leading order direct interactions have x� = 1, however, due to reso-
lution and higher order corrections the measured values of x� are smaller. Ex-
perimentally, samples containing large fractions of direct events can be selected
by requiring x� > 0:8, and samples containing large fractions of double-resolved
events by using x� < 0:8.
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Fig. 5. The angular dependence of di-jet production at
p
see = 161 � 172 GeV com-

pared to leading order matrix elements (left) and to next-to-leading order (NLO) pre-
dictions (right).

The measurement of the distribution of cos �?, the cosine of the scattering an-
gle in the photon-photon centre-of-mass system, allows for a test of the di�erent
matrix elements contributing to the reaction. The scattering angle is calculated
from the jet rapidities in the laboratory frame using

cos �? = tanh
�jet1 � �jet2

2
: (4)
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In leading order the direct contribution  ! q�q leads to an angular depen-
dence of the form (1 � cos2 �?)�1, whereas double-resolved events, which are
dominated by gluon induced reactions, are expected to behave approximately
as (1 � cos2 �?)�2. The steeper angular dependence of the double-resolved in-
teractions can be clearly seen in Figure 5(left), where the shape of the di-jet
cross-section, for events with di-jet masses above 12 GeV and average rapidities
of j(�1 + �2)=2j < 1, is compared to leading order predictions. In addition, the
shape of the angular distribution observed in the data is roughly described by the
next-to-leading order prediction from Refs. [14], Figure 5(right). In both cases
the theoretical predictions are normalised to the data in the �rst three bins.

These next-to-leading order calculations well account for the observed in-
clusive di�erential di-jet cross-section, d�=dEjet

T , as a function of jet transverse

energy, Ejet
T , for di-jet events with pseudorapidities j�jetj < 2. As expected the
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Fig. 6. The Ejet

T dependence of di-jet production at
p
see = 161� 172 GeV compared

to next-to-leading order (NLO) predictions for di�erent event classes (left) and for
di�erent parametrisations of the parton distribution functions of the photon (right).

direct component can account for most of the cross-section at large Ejet
T , whereas

the region of low Ejet
T is dominated by the double-resolved contribution, shown in

Figure 6(left). The calculations from Refs. [15] for three di�erent next-to-leading
order parametrisations of the parton distribution functions of the photon are in
good agreement with the data shown in Figure 6(right), except in the �rst bin,
where theoretical as well as experimental uncertainties are large. Unfortunately,
this is the region which shows the largest sensitivity to the di�erences of the
parton distribution functions of the photon.

2.4 HEAVY QUARK PRODUCTION

The production of heavy quarks in photon-photon scattering is dominated by
charm quark production, as the bottom quarks are much heavier and have a
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smaller electric charge. Due to the large scale of the process provided by the
charm quark mass, the production of charm quarks can be predicted in next-
to-leading order perturbative QCD. In QCD the production of charm quarks at
LEP2 energies receives contributions of about equal size from the direct produc-
tion mechanism and from the single-resolved contribution, shown in Figure 7.
In contrast, the double-resolved contribution is expected to be very small, see
Ref. [16] for details.

e
+ e+

e
+ e +

e

e-

e-
-

e-

g

spectator
jet

Direct Single Resolved

c

c

c

cγ
γ

γγ

Fig. 7. The direct (left) and single-resolved (right) contributions to charm quark
production in photon-photon collisions.

In photon-photon collisions the charm quarks have been tagged using stan-
dard techniques, either based on the observation of semileptonic decays of charm
quarks using identi�ed electrons and muons in Ref. [17], or by the measurement
of D? production in Refs. [18,19,20] using the decay D? ! D0�, where the pion
has very low energy, followed by the D0 decay observed in one of the decay
channels, D0 ! K�;K��0;K���. The leptons as well as the D? can be clearly
separated from background processes, as shown in Figure 8. Using the ratio of
the transverse energy of the electron measured in the calorimeter and the trans-
verse momentum measured in the tracking chamber the electrons can be well
separated from other charged particles, Figure 8(left) from Ref. [17]. Utilising
the low energy of the slow pion a clear peak can be observed in the mass dif-
ference, �M , between the mass of the D? and the mass of the D0 candidate,
as shown in Figure 8(right) from Ref. [19]. However, due to the small branching
ratios and selection ineÆciencies the selected event samples are small and the
measurements are limited mainly by the statistical error.

Based on these tagging methods di�erential cross-sections for charm quark
production and D? production in restricted kinematical regions have been ob-
tained, examples of which are shown in Figure 9. Figure 9(left) shows the di�er-
ential cross-section for charm quark production, with semileptonic decays into
electrons ful�lling j cos �ej < 0:9 and Ee > 0:6 GeV and for W > 3 GeV. The
data are compared to the leading order prediction from PYTHIA, normalised
to the number of data events observed. The shape of the distribution is well re-
produced by the leading order prediction. Figure 9(right) shows the di�erential
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cross-sections for D? production as a function of the transverse momentum of
the D?, for j�D? j < 1:5 compared to the next-to-leading order predictions from
Ref. [21] calculated in the massless approach. The di�erential cross-sections as
functions of the transverse momentum and rapidity of the D? are well repro-
duced by the next-to-leading order perturbative QCD predictions, both for the
OPAL results [19] and for the L3 results [20]. The shape of the OPAL data can
be reproduced by the NLO calculations from Ref. [16], however, the theoreti-
cal predictions are somewhat lower than the data, especially at low values of
transverse momentum of the D?.

Based on the observed cross-sections in the restricted ranges in phase space
the total charm quark production cross-section is derived, very much relying on
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the Monte Carlo predictions for the unseen part of the cross-section. Two issues
are addressed, �rstly the relative contribution of the direct and single-resolved
processes, and secondly the total charm quark production cross-section. The di-
rect and single-resolved events, for example, as predicted by the PYTHIA Monte
Carlo, show a di�erent distribution as a function of the transverse momentum
of the D? meson, pD

?

T , normalised to the visible hadronic invariant mass, Wvis,
as can be seen in Figure 10(left) from Ref. [19]. This feature has been used to
experimentally determine the relative contribution of direct and single-resolved
events, which were found to contribute about equally to the cross-section.
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Fig. 10. The separation of the D? production into direct and single-resolved contri-
butions (left) and the total cross-section for charm quark production (right).

The total cross-section for the production of charm quarks is shown in Fig-
ure 10(right). The LEP results are consistent with each other and the theoretical
predictions are in agreement with the data. The measurements su�er from addi-
tional errors due to the assumptions made in the extrapolation from the accepted
to the total cross-section, which are avoided by only measuring cross-sections in
restricted ranges in phase space. It has been shown in Ref. [16] that the NLO
calculations are exible enough to account for the phase space restrictions of an
experimental analysis and that the predicted cross-sections in restricted ranges
in phase space are less sensitive to variations of the charmmass and to alterations
of the renormalisation as well as the factorisation scale. Given this, more insight
into several aspects of charm quark production may be gained by comparing
experimental results and theoretical predictions for cross-sections in restricted
ranges in phase space.

In addition to the measurements of the charm quark production cross-sections,
a preliminary measurement of the cross-section for bottom quark production has
been reported in Ref. [22].
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3 RESULTS FROM 
?
SCATTERING

In this kinematical region the reaction can be described as deep-inelastic electron-
photon scattering and allows for measurements of photon structure functions,
similarly to measurements of proton structure functions in the case of electron-
proton scattering at HERA. The measurements of photon structure functions
have been discussed in detail in the literature and the reader is referred to the
most recent review, Ref. [23], and to references therein. Only the main results
from the LEP experiments are shortly mentioned here.

� The QED structure function F 
2;QED has been precisely measured using

data in the approximate range of average virtualities hQ2i of 1:5 � 130 GeV2.
The LEP data are so precise that the e�ect of the small virtuality P 2 of the
quasi-real photon can clearly be established.

� The structure functions F 
A;QED and F 

B;QED give more insight into the
helicity structure of the ? interaction. They were obtained from the shape of
the distribution of the azimuthal angle between the plane de�ned by the mo-
mentum vectors of the muons and the plane de�ned by the momentum vectors
of the incoming and the deeply inelastically scattered electron. Both structure
functions were found to be signi�cantly di�erent from zero, and the recent the-
oretical predictions from Ref. [24], which take into account the important mass
corrections up to O(m2

�=W
2), are consistent with the measurements.

� The hadronic structure function F 
2 has been measured using data in the

approximate range of average virtualities of hQ2i of 1:9�400 GeV2. The general
features of the measurements can be described by several parametrisations of F 

2 .
However, the data are precise enough to disfavour those parametrisations which
predict a fast rise of F 

2 at low values of x, driven by large gluon distribution
functions.

� The evolution of F 
2 with Q2 has been studied in bins of x. The measure-

ments are consistent with each other and a clear rise of F 
2 with Q2 is observed.

The general trend of the data is followed by the predictions of several parametri-
sations of F 

2 . It is an interesting fact that at medium values of x this rise can
also be described reasonably well (O(15%) accuracy) by the leading order aug-
mented asymptotic prediction detailed in Ref. [25], which uses the asymptotic
solution from Ref. [26] for F 

2 for the light avour contribution as predicted by
perturbative QCD for �s(MZ) = 0:128.

4 RESULTS FROM 
?

?
SCATTERING

The QED and the hadronic structure of virtual photons have been studied at
LEP. The structure functions of virtual photons can be determined for the situ-
ation where one photon has a much larger virtuality than the other, Q2 � P 2,
by measuring the cross-section for events where both electrons are observed.
For the situation where both photons have similar virtualities, Q2 � P 2, the
structure function picture is no longer applicable and di�erential cross-sections
for the exchange of two highly-virtual photons have been measured instead. The
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main results from the LEP experiments are shortly mentioned here, for a more
detailed discussion the reader is referred to Ref. [23].
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Fig. 11. The di�erential cross-sections for the exchange of two highly virtual photons
as functions of various variables from L3 (left) and OPAL (right).

� The e�ective hadronic structure function [27] has been measured by L3 [28]
for average virtualities of hQ2i = 120 GeV2 and hP 2i = 3:7 GeV2. A consistent
picture is found for the e�ective structure function between the older PLUTO
result from Ref. [27] and the L3 data, and the general features of both measure-
ments are described by the next-to-leading order predictions from Ref. [29].

� The cross-section for the exchange of two highly virtual photons with muon
�nal states has been measured in Ref. [30]. There is good agreement between
the measured cross-section and the QED prediction. The measurement shows
that the interference terms, which are usually neglected in investigations of the
hadronic structure of the photon, are present in the data in the kinematical re-
gion of the analysis, mainly at x > 0:1, and that the corresponding contributions
to the cross-section are negative.

� The cross-section for the exchange of two highly virtual photons with
hadronic �nal states has been measured in Refs. [31,32,33], and the main results
are shown in Figure 11. The di�erential cross-sections as functions of various
variables are well described by leading order Monte Carlo models. Much larger
cross-sections are predicted in the framework of BFKL calculations. These pre-
dictions are strongly disfavoured by the data.
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