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Hadronic photon-photon interactions at high energies
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Photon-photon collisions are investigated in the framework of the two-component dual parton model. The
model contains contributions from direct, resolved soft, and resolved hard interactions. All free parameters
of the model are determined in fits to hadron-hadron and photon-hadron cross section data. The model is
shown to agree well with hadron production data from hadron-hadron and photon-hadron collisions.
The multiparticle production in hadron-hadron, photon-hadron, and photon-photon collisions as predicted
by the model is compared. Strong differences are only found as a function of the transverse momentum
variable. The hadron production in photon-photon collisions at present and future electron-positron colliders
is studied using photon spectra according to bremsstrahlung, beamstrahlung, and backscattered laser radiation.
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I. INTRODUCTION

The photon, in its high-energy interactions with hadron
behaves very much like a hadron, however, with cross s
tions reduced strongly against purely hadronic cross sectio
In addition to this soft hadronic interaction, usually describ
using the vector dominance model~VDM !, the photon has a
direct~QED! pointlike interaction with the hadronic constitu
ents and it has a resolved hard interaction between its h
ronic constituents and the hadronic constituents of the targ
At moderate energies these hard interactions of the phot
do not change significantly some of the minimum bias pro
erties of photon-hadron and photon-photon interactions, s
as, for example, the average multiplicities or pseudorapid
distributions. This is often forgotten if only the hard part o
the photon interaction is discussed. Of course, these h
interactions dominate transverse momentum distributions
produced hadrons and jets. Even at high energies, hadro
interactions of photons are characterized by soft multiparti
production. Since the soft component of hadron producti
cannot be understood purely on the basis of perturbat
QCD, one has to rely on models to calculate the multipartic
final states. The dual parton model~DPM! ~a recent review is
given in Ref.@1#! has been very successfully describing so
hadronic processes in hadron-hadron collisions. Obser
tions such as rapidity plateaus and average transverse
menta rising with energy, Koba-Nielsen-Olesen~KNO! scal-
ing violation, transverse momentum-multiplicity
correlations, and minijets pointed out that soft and hard p
cesses are closely related. These properties were unders
within the two-component dual parton model for hadro
hadron interactions by Aurencheet al. @2–8#.

*Present address: Departamento Fı´sica de Partı´culas, Universidade
de Santiago de Compostela, Spain.
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Assuming a universal behavior of soft hadronic intera
tions, it is possible to extend the dual parton model to ha
ronic interactions involving photons. The first studies o
photon-hadron interactions in the framework of the two
component dual parton model were done by Engel@9–11#.
This reaction was studied within other models by variou
authors; one example is the work by Schuler and Sjo¨strand
@12,13# which is also available within the event generato
PYTHIA @14#.

Here we apply the model described in@9,11# to the study
of hadronic photon-photon interactions. In Sec. II we give
brief introduction to the dual parton model used to descri
photon-hadron and photon-photon collisions; a complete a
count of the model can be found in@9,11#. An overview of
the model realization in the Monte Carlo event generat
PHOJET is given. We study withPHOJEThadron-hadron and
photon-hadron collisions and compare to data in Sec. III.
Sec. IV we compare the properties of minimum-bias hadr
production as calculated withPHOJET in hadron-hadron,
photon-hadron, and photon-photon collisions. In Sec. V w
discuss the properties of hadron production via photo
photon collisions at present and future electron-positron c
liders. A summary is given in Sec. VI.

II. EVENT GENERATOR PHOJET

The realization of the dual parton model with a hard and
soft component inPHOJET is similar to the event generator
DTUJET-93 @2,8# simulatingp-p andp-p̄ collisions up to very
high energies. In the following, we restrict our discussion
the model to the basic ideas rather than giving the compl
expressions for all the formulas and quantities entering t
model. More detailed descriptions of the model are given
@9,11#.

In the model, the dual nature of the photon is taken in
account by considering the physical photon state as a sup
4244 © 1996 The American Physical Society
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FIG. 1. Graphical presentation of the optical theorem: the discontinuity of the elastic scattering amplitude at vanishing mom
transfer can be considered a unitarity cut through all intermediate particle propagators, restricting these particles to the mass shell
trivial kinematical factors, the discontinuity corresponds to the total cross section.
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position of a ‘‘bare photon’’ and virtual hadronic states ha
ing the same quantum numbersJPC5122 as the photon.
Since the properties of the high-mass hadronic fluctuatio
of the photon are not well known, it is necessary to introdu
some approximations for calculations. To keep the model
simple as possible, two generic hadronic statesuqq̄ & and
uqq̄ ! & have been introduced to describe the hadronic pie
of the photon. The low-mass stateuqq̄ & corresponds to the
superposition of the vector mesonsr, v, and f and a
p1p2 background. The stateuqq̄ !& is used as an approxi-
mation for hadronic states with higher masses~e.g.,r8, v8,
or r9). The physical photon reads

ug &5AZ3ugbare&1ughad&, ~1!

with

Z3512
e2

f q q̄
2 2

e2

f q q̄!
2 and ughad&5

e

f q q̄
uqq̄ &1

e

f q q̄!
uqq̄ ! &,

~2!

wheree denotes the elementary charge.
The interactions of the hadronic fluctuations are describ

within the dual parton model in terms of Reggeon (R) and
Pomeron (P) exchanges. For soft processes, photon-had
duality is used. The energy dependence of the Reggeon
Pomeron amplitude is assumed to be the same for all h
ronic processes. Therefore, data on hadron-hadron
photon-hadron cross sections can be used to determine
parameters necessary to describe soft photon-photon inte
tions. However, one does not expect that this photon-had
universality holds for processes involving short distanc
~high transverse momenta!. There, long- and short-living
fluctuations can contribute.

In the following we assume that hadronic interactions
high energies can be described by the exchange of a sin
generic Pomeron. This Pomeron exchange is taken to co
spond to graphs with multiperipheral kinematics@15#. The
total Pomeron cross section can be calculated from the d
continuity of the elastic scattering amplitude. The optic
theorem relates the discontinuity of the Pomeron amplitu
to diagrams with all possible final states~see Fig. 1!. In order
to get the cross section corresponding to such diagrams
has to sum and integrate over these states as intermed
particles with the momentaqi . In general, the calculation of
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the cross section is not possible within perturbative QC
However, the integration over the transverse momenta of
intermediate states can be split into two parts, the integrat
over momenta withp',p'

cutoff and the integration over mo-
menta with p'>p'

cutoff . The graphs are artificially subdi-
vided into two classes; the first describes onlysoftprocesses
and the second sums all the other graphs with at least o
large momentum transfer~hard processes!. For simplicity,
all intermediate states are assumed to be partons. Soft
hard processes are distinguished by applying the transve
momentum cutoffp'

cutoff to these partons.
In the model, the cross section of hard processes is e

mated using the framework of the QCD-improved parto
model with lowest-order matrix elements@16,17#. Assuming
a purely imaginary Pomeron amplitude, the optical theore
is used to relate the cross section of the hard processes to
hard part of the Pomeron amplitude. For example, the co
tribution A2g

ela of the simplest nontrivial Pomeron graph with
two high-p' ‘‘ladder’’ gluons having the momentaq1 and
q2 is given by

A2g
ela5 i disc~A2g

ela!5 issAB→ggX
parton model, ~3!

where s is the squared center-of-mass system~c.m.s.! en-
ergy.

The cross section corresponding to the graphs describ
soft processes only is parametrized using Regge argume
by a supercritical Pomeron pole. Of course, the paramet
entering the expression for the soft cross section depend
the value of the cutoff to distinguish between soft and ha
processes.

On the Born-graph level, for example, the photon-photo
cross sections read as follows.

~i! The Reggeon and Pomeron exchange~soft processes
only!

sP
tot~s!5S e2f q q̄2 D 2gP,q q̄~0!gP,q q̄~0!S ss0D

DP

,

sR
tot~s!5S e2f q q̄2 D 2gR,q q̄~0!gR,q q̄~0!S ss0D

DR

, ~4!

with DP5aP(0)21 and DR5aR(0)21. Here we denote
with aP(0) @aR(0)# the Pomeron@Reggeon# intercept, and
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4246 54R. ENGEL AND J. RANFT
with gP,q q̄ (gR,q q̄) the couplings of the Pomeron~Reggeon!
to the hadronicqq̄ fluctuations.

~ii ! The hard double-resolved photon-photon interactio

sd-res
hard~s,p'

cutoff!

5E dx1dx2dt̂ (
i , j ,k,l

1

11dk,l
f g,i~x1 ,Q

2! f g, j~x2 ,Q
2!

3
ds i , j→k,l

QCD ~ ŝ, t̂ !

dt̂
Q~p'2p'

cutoff!, ~5!

where f g,i(x1 ,Q
2) is the distribution of the partoni in the

photon and the sum includes all possible parton configu
tions i , j ,k,l .

~iii ! The single-resolved interaction

ss-res~s,p'
cutoff!5E dxdt̂(

i ,k,l
f g,i~x,Q

2!
dsg,i→k,l

QCD ~ ŝ, t̂ !

dt̂

3Q~p'2p'
cutoff!. ~6!

~iv! The direct interaction

sdir~s,p'
cutoff!5E dt̂(

k

dsg,g→k, k̄~ ŝ, t̂ !

dt̂
Q~p'2p'

cutoff!.

~7!

For simplicity, we have written the cross section formula
only for the low-mass stateuqq̄ &. Similar expressions are
used for interactions involving theuqq̄ !& state. If not explic-
itly stated, all the calculations have been done using
leading-order Gluck-Reya-Vogt~GRV! parton distribution
functions for the proton@18# and the photon@19#.

Assuming Gaussian distributions in impact parame
space, the amplitudes for the different processes can be
culated from the cross sections given above.

The amplitudes corresponding to the one-Pomeron
change between the hadronic fluctuations are unitarized
plying a two-channel eikonal formalism similar to@20,2#.
Note that only the double-resolved contributions to the Bor
graph amplitude~double-resolved soft and hard scattering!
are eikonalized@21–23#. The unitarity corrections to single-
resolved and direct interactions are suppressed by additio
powers of the fine structure constantaem and can be ne-
glected. In impact parameter representation, the eikonali
scattering amplitude for resolved photon interactions has
structure

ares~s,B!5
i

2 S e2f q q̄2 D 2~12e2x~s,B!!, ~8!

with the eikonal function

x~s,B!5xS~s,B!1xH~s,B!1xD~s,B!1xC~s,B!. ~9!

Here, x i(s,B) denotes the contributions from the differen
Born graphs: (S) the soft part of the Pomeron and Reggeo
(H) the hard part of the Pomeron, (D) the triple- and loop-
Pomeron, and (C) the double-Pomeron graphs. To get th
photon-photon scattering amplitude, the resolved and the
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rect amplitudes given by perturbative QCD are summed up
The complete expressions will be given in@11#.

The probabilities to find a photon in one of the generic
hadronic states, the coupling constants to the Reggeon a
Pomeron, and the effective Reggeon and Pomeron intercep
cannot be determined by basic principles. These quantitie
are treated as free parameters. It was shown in@9# that it is
possible to fix the free parameters by a global fit to proton
proton and photon-proton cross sections and elastic slop
parameters. In Fig. 2 we show the model predictions for th
inelastic photon-photon cross section~including quasielastic
vector meson production!. The diffractive cross sections of
quasielastic vector meson production (V5r, v, and f),
single-diffraction dissociation, and double-diffraction disso-
ciation are given in Fig. 3. In order to show the strong de
pendence of the model extrapolations on the parton densiti
of the photon, the cross sections have been calculated wi
two different parametrizations of the parton distribution
functions.

Once the free parameters are determined, the probabiliti
for the different final state configurations are calculated from
the discontinuity of the elastic photon-photon scattering am
plitude ~optical theorem!. The total discontinuity can be ex-
pressed as a sum of graphs withkc soft Pomeron cuts,l c hard
Pomeron cuts,mc triple- or loop-Pomeron cuts, andnc
double-Pomeron cuts by applying the Abramovski-Gribov
Kancheli ~AGK! cutting rules@24,25#. In impact parameter
space one gets, for the inelastic cross section,

FIG. 2. Inelastic photon-photon cross sections as calculated
the model compared with experimental data at low energie
@57,70–73#. The two curves from the model were calculated using
the GRV LO photon structure function@19# and the SaS 2M photon
structure function@51#. The differences between both curves at high
energy demonstrate the uncertainties of the predictions due to t
limited data available on the photon structure function. Our curve
calculated with the SaS 2M structure function agrees practicall
with the cross section calculated with the same structure functio
but using another model by Schuler and Sjo¨strand@13#.
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s~kc ,l c ,mc ,nc ,s,B!5
~2xS!

kc

kc!

~2xH! l c

l c!

~2xD!mc

mc!

~2xC!nc

nc!

3exp@22x~s,B!#, ~10!

with

E d2B (
kc1 l c1mc1nc51

`

s~kc ,l c ,mc ,nc ,s,B!'s tot2sqel,

~11!

wheres tot and sqel denote the total cross section and t
cross section of quasielastic vector meson production,
spectively. We use here the conventions of@9# treating the
triple- and loop-Pomeron cross sections~and hencexD) as
negative quantities. In@2# the negative sign is explicitly writ-
ten in the cross section formulas~10!. These negative cros
sections are not directly related to physical processes.
example, the triple-Pomeron graph represents an absorp
correction; it has to be summed with the single-Pome
exchange graph, reducing the total cross section. Since
triple-Pomeron graph involves three Pomerons, one ha
apply the AGK cutting rules to calculate the contribution
this graph to physical processes. For example, the diffrac
cut of this graph~corresponding to the well-known descrip
tion of diffraction by Pomeron-particle scattering! has the
AGK weight of 21. Together with the negative sign of th
triple-Pomeron cross section, this gives a positive, exp
mentally observable cross section for diffraction. In gene
for all graphs involving more than one Pomeron, a resumm
tion according to the AGK cutting rules is done@2,11# to
allow for the probability interpretation of Eq.~10!.

FIG. 3. Diffractive cross sections as calculated withPHOJET
using the GRV LO photon structure function@19# and the SaS 2M
photon structure function@51#. The upper curve is for each of th
three cross sections, the one obtained with the GRV LO struc
function.
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The influence of a weak photon virtualityP2 on the total
cross section is estimated using arguments of the generaliz
VDM ~GVDM!. For definiteness let us consider the photon
photon cross section ate1e2 colliders. The total cross sec-
tion can be divided into partial cross sections according
the photon polarizations@T (S) for transverse~scalar! pho-
tons; see Refs.@26,27##

sgg
tot, expt~P1

2 ,P2
2 ,s!5sTT

tot ~P1
2 ,P2

2 ,s!1e1sST
tot~P1

2 ,P2
2 ,s!

1e2sTS
tot~P1

2 ,P2
2 ,s!

1e1e2sSS
tot~P1

2 ,P2
2 ,s!. ~12!

The polarization parameterse i depend on the electron beams
creating the photon flux. For unpolarized electron beams t
values ofe i were found to be close to 1~see, for example,
@28#!. In the following we use the approximation suggeste
in @27#, settinge15e251. The experimental cross section is
parametrized by@27#

sgg
tot, expt~P1

2 ,P2
2 ,s!5sgg

tot ~0,0,s!F~P1
2!F~P2

2!, ~13!

with

F~P2!5 (
V5r,v,f

r V
11P2/~4mV

2 !

~11P2/mV
2 !2

1r eff
1

11P2/meff
2 ,

F~0!51. ~14!

The influence of high-mass vector mesons and continuu
contributions is taken into account by the last term of th
sum. The parameters occurring in Eq.~14! are given in@27#.
The suppression of the parton content of the photon due
the photon virtualityP2 is approximated by the parametriza-
tions @29–31#

f g,qi
~x,Q2,P2!5 f g,qi

~x,Q2!
ln@Q2/~P21mr

2!#

ln~Q2/mr
2!

, ~15!

f g,g~x,Q
2,P2!5 f g,g~x,Q

2!
ln2@Q2/~P21mr

2!#

ln2~Q2/mr
2!

. ~16!

Events withn soft Pomeron cuts (n>2, multiple interaction!
are suppressed with a factor

Psup5S msup
2

~P1
21msup

2 !

msup
2

~P2
21msup

2 !
D n21

, ~17!

where the effective massmsup is assumed to be ther mass.
In the Monte Carlo realization of the model, the differen

final state configurations are sampled from Eq.~10!. For
Pomeron cuts involving a hard scattering, the complete pa
ton kinematics and flavors or colors are sampled according
the parton model using the method of@32#, extended to direct
processes. In the model, initial state parton showers are g
erated using a backwards evolution algorithm similar t
@33,34# with the parton virtuality as an evolution variable.
For interacting photons, the direct splittingg→qq̄ is ap-
proximately taken into account. During the parton showe
generation, the probability to have a direct photon splitting
calculated comparing the anomalous contribution@35#

e
ture
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q~x,Q2!5
3aem

2p
eq
2F @x21~12x!2# lnS 12x

x

Q2

mq
2D

18x~12x!21G ~18!

to the full photon parton distribution function~PDF!. The
quark massmq in Eq. ~18! depends on the parametrization o
the photon PDF and is set fitting the PDF at largex and
Q2. Final state parton showers are generated using the a
rithm provided in the Lund Monte CarloJETSET@14#.

For Pomeron cuts without large momentum transfer, t
partonic interpretation of the dual parton model is used: Ph
tons or mesons are split into a quark-antiquark pair where
baryons are approximated by a quark-diquark pair. The lo
gitudinal momentum fractions of the partons are given
Regge asymptotics@36–39#. One obtains, for the valence
quark (x) and diquark (12x) distribution in the proton,

r~x!;
1

Ax
~12x!1.5 ~19!

and, for the quark-antiquark distribution in the photon,

r~x!;
1

Ax~12x!
. ~20!

For multiple interaction events, the sea quark momenta
sampled from a

r~x!;
1

x
~21!

distribution. Note that as a result of energy-momentum co
servation, this distribution is influenced by thex distributions
of the valence partons and asymmetric multiple interacti
effects~for example, in photon-proton scattering!. This will
be discussed in detail elsewhere@11#. The transverse mo-
menta of the soft partons are sampled from the distributio

d2Ns

d2p'

;exp~2bp'!. ~22!

The energy-dependent slope parameterb is calculated from
the requirement to have a smooth transition between
transverse momentum distributions of the soft constitue
and the hard scattered partons.

For diffraction dissociation or double-Pomeron scatterin
the parton configurations are generated using the same id
described above applied to Pomeron-photon, hadron,
Pomeron scattering processes. Hence, a diffractive triple-
loop-Pomeron cut can involve hard scattering subproces
resulting in a rapidity gap event with jets. According to th
kinematics of the triple- or loop-Pomeron graphs, the ma
of the diffractively dissociating systems is sampled from
1/MD

2aP(0) distribution. The momentum transfer in diffraction
is obtained from an exponential distribution with mas
dependent slope~see Ref.@9#!. For the parton distributions of
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the Pomeron, the Capella–Kaidalov–Merino–Tran Thanh
Van ~CKMT! parametrization with a hard gluonic compo-
nent @40,41# is used.

Finally, the fragmentation of the sampled partonic final
states is done by forming color neutral strings between the
partons according to the color flow. For soft processes, the
color flow is approximated using the expansion of QCD for
large numbers of colors and flavors. This leads to a two-
chain configuration characterizing a cut Pomeron@as shown
in Figs. 4~a! and 4~b!# and a one-chain system for a cut
Reggeon. In hard interactions the color flow is taken from
the matrix elements directly@42#. The leading contributions
of the matrix elements give a two-chain structure which cor-
responds to a cut Pomeron. For example, a cut of a single
hard Pomeron graph~hard gluon-gluon scattering! is shown
in Fig. 4~c!. This method is also applied to the direct photon
interactions.

The chains are fragmented using the fragmentation code
JETSET7.3 @14#.

Note that due to this construction, the model predictions
have only a weak dependence on the transverse momentum
cutoff chosen to distinguish between soft and hard interac-
tions. Decreasing the value of the cutoff leads to an increase

FIG. 4. Unitarity cut of a one-Pomeron graph: the unitarity sum
including all possible final states is subdivided into final states with
low-p' partons and into final states with at least one parton satis-
fying p'>p'

cutoff.

FIG. 5. Comparison of transverse momentum distributions of
charged hadrons with collider data atAs5200 GeV@44#. The cal-
culation uses the dual parton model codePHOJET.
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of the interactions which are classified as hard scatterin
However, since the soft parameters are fitted to the exp
mentally measured cross sections, the coupling constant
the soft part of the Pomeron depend also on the transve
momentum cutoff, compensating the increase of the h
part of the Pomeron. This results in an almost cuto
independent Born cross section of the Pomeron. Finally,
constraint to have a smooth transition in the transverse m
mentum distributions of the soft and hard partons remov
the ambiguity introduced in the model by the transverse m
mentum cutoff.

III. HADRON-HADRON AND PHOTON-HADRON
COLLISIONS WITH PHOJET

Hadron production in hadron-hadron collisions has be
extensively studied within the two-component dual parto
model using theDTUJET model @2,8# in p-p and p̄-p colli-
sions and using theDPMJET-II model @43# in hadron-hadron,
hadron-nucleus, and nucleus-nucleus collisions. Hadron p
duction in photon-hadron collisions is being studied in det
using thePHOJETmodel by Engel@10,11#. We present here
only a few comparisons ofPHOJET results with hadron-
hadron and photon-hadron data in order to illustrate, that
model as formulated inPHOJETis very well able to describe
these channels. This is certainly required if we want to app
the model to photon-photon reactions, where nearly no
perimental data are available. For photon-photon collisio
we have to rely on the predictive power of the model.

A. Hadron-hadron collisions

In Figs. 5 and 6 we compare the transverse moment
distributions and pseudorapidity distributions with the resu

FIG. 6. Pseudorapidity distributions of charged hadrons p
duced inp̄-p collisions as calculated withPHOJETare compared to
collider data from the UA-5 Collaboration@45# for the energy
As5200 GeV.
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from collider experiments@44,45#. The rise of the plateau
with the collision energy is understood within the model by
one of its most important ingredients: The production o
multiple soft interactions and multiple hard interactions
~minijets! rises with energy. The transverse momentum dis
tributions as measured at collider energies show in additio
to the soft, exponentially damped, low-p' component of
hadron production the rise of the perturbative hard compo
nent with increasing energy. This becomes more and mo
important with rising energy for minimum-bias hadron pro-
duction.

Discussing the changes in hadron production with rising
energy, we should indicate thatPHOJETin its present version
should not be applied for hadron-hadron, photon-hadron, o
photon-photon collisions at collision energies beyond
As51 to 2 TeV.PHOJETuses so far an energy-independen
p' cutoff for the minijets. It was demonstrated in@8# that for
parton structure functions with a 1/x1.5 or similar singularity
of the sea-quark and gluon distributions, this might lead to
unphysical effects aboveAs 5 2 TeV. One possible way of
how to apply a model with minijets in the TeV energy region
of future proton-proton supercolliders~introducing an
energy-dependent minijetp' cutoff! has been implemented
in DTUJET-93 @8#. This could also be done inPHOJET, but is
not necessary presently; photon-hadron or photon-photo
collisions in the multi-TeV energy range seem not to be fore
seen for the near future.

In Figs. 7 and 8 we comparePHOJETcalculations to data
on longitudinal distributions in the fragmentation region us-
ing the Feynman scaling variablexF . FeynmanxF distribu-
tions have so far only been measured at fixed target energie
at laboratory energies well below 1 TeV. It has been show

ro- FIG. 7. Comparison of FeynmanxF distributions ofp
1 mesons

produced in proton-proton collisions at 205 and 175 GeV. The ex
perimental data are from Kafkaet al. @74# and from Brenneret al.
@75#. The data from both experiments agree rather well with eac
other. The calculation uses the dual parton modelPHOJET.
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elsewhere@43# that the dual parton model shows outside th
central region~rise of plateau! and the very forward frag-
mentation region~where the diffractive component is domi
nating! a very good Feynman scaling behavior.

The seagull effect, where one plots the average transve
momentum̂ p' & as a function of FeynmanxF , demonstrates
clearly that the distributions in transverse momentum a
longitudinal momentum are correlated in a nontrivial wa
There is no factorization between the transverse moment
and longitudinal momentum distributions, as is often a
sumed in oversimplified models of hadron production.
Fig. 9 we compare the seagull effect calculated withPHOJET

to data measured inplab5360 GeV/c proton-proton colli-
sions@46#.

B. Photon-hadron collisions

The model for photon-hadron collisions is studied in fu
detail by Engel@11#. Here we present only some of thi
material in order to make the present paper self-containe

In Fig. 10 we compare the transverse momentum dis
bution of charged hadrons calculated withPHOJET for
photon-proton collisions with the photon laboratory energ
Eg5140 GeV with data from the OMEGA Collaboration
@47#. The data were obtained with a tagged photon beam
the energy band 110–170 GeV. The agreement of both d
tributions is excellent; at the largestp' we see already the
influence of direct and resolved hard collisions.

In Figs. 11 and 12 we comparePHOJETresults with data
from the HERA electron-proton collider@48#. In Fig. 11 we
find a very good agreement with the transverse moment

FIG. 8. Comparison of FeynmanxF distributions ofp
2 mesons

produced in proton-proton collisions at 400 and 360 GeV. The e
perimental data are from the Aguilar-Benitezet al. @76# and from
the EHS-RCBC Collaboration@77#. The data from both experi-
ments agree rather well with each other; in fact, most of the d
points of@77# are below the@76# data. The calculation uses the dua
parton modelPHOJET.
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FIG. 9. Comparison of the seagull effect in the reactio
p1p→h21X at 360 GeV. The data are from the EHS-RCBC Col
laboration @46#. The calculation uses the dual parton mode
PHOJET.

FIG. 10. Comparison of the transverse momentum distributio
of charged hadrons with 0<xF<1 as calculated withPHOJETat the
average photon energy of 140 GeV with data. The data are from t
OMEGA Collaboration@47# measured with a tagged photon beam
in the energy band 110–170 GeV.
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distribution of charged hadrons. If we compare to proto
proton collisions~Fig. 5! we observe that the influence o
hard collisions in photon-proton collisions is more promine
than in proton-proton collisions. In Fig. 12 we find a goo
agreement of the inclusive charged hadron production cr
section as function of the pseudorapidity. We stress that
data as well as the model show a flat pseudorapidity dis
bution.

FIG. 11. Comparison of the transverse momentum distributi
of charged hadrons produced by quasireal photons in electr
proton collisions at HERA@48# with the PHOJET calculation@10#.
The data and the calculation are in the pseudorapidity reg
21.5<h lab<1.5.

FIG. 12. Comparison of the inclusive pseudorapidity cross s
tion of charged hadrons produced by quasireal photons in electr
proton collisions at HERA@48# with the PHOJETcalculation@10#.
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IV. COMPARISON OF MINIMUM-BIAS HADRON
PRODUCTION IN HADRON-HADRON,

PHOTON-HADRON, AND PHOTON-PHOTON
COLLISIONS

In this section we compare the model predictions for in
elastic hadron production in proton-proton, photon-proto
and photon-photon collisions at fixed c.m.s. energiesAs.
This is the usual way to present data on hadron-hadron c
lisions at colliders or in fixed target experiments. Collision
of quasireal photons with protons at electron-proton collide
and photon-photon collisions at electron-positron collide
are not at fixed photon-proton or photon-photon energy. W
will discuss photon-photon collisions at electron-positro
colliders in the next section. If we consider the three reacti
channels at fixed energy, we do so only in order to find th
characteristic differences and similarities between the thr
types of collisions. Since elastic hadron-hadron collision
usually are excluded studying inclusive secondary distrib
tions, again, in order to find the similarities, we also exclud
in the reactions with photons the corresponding quasielas
diffractive channel, i.e.,g1g→V1V (V5r,v,f), but we
include all the other diffractive processes.

We start with the distribution, where the three channe
differ most strongly, the transverse momentum distributio
dN/p'dp' ; see Fig. 13. The difference is striking. As firs
discussed by Schuler and Sjo¨strand@12,13#, the fraction of
hard interactions in minimum bias interactions rises fro
proton-proton collisions over photon-proton collisions t
photon-photon collisions. The reason for this is the dire
photon interaction and the fact that the photon structure fun
tion is considerably harder than the proton structure functio
In photon-photon collisions it is easy to observe already wi
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FIG. 13. We compare at the collision energyAs5200 GeV the
transverse momentum distribution in invariant form for all charge
hadrons produced in proton-proton, photon-proton, and photo
photon collisions. The calculation was done withPHOJETfor inelas-
tic collisions, excluding in photon-proton collisions theV-p and in
photon-photon collisions theV-V diffractive production of vector
mesonsV5r, v, andf.
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4252 54R. ENGEL AND J. RANFT
moderate statistics hadrons with transverse momenta clos
the kinematic limit.

However, these differences in the hard scattering do
strongly influence such average properties of the collision
average multiplicities or even average transverse mome
This can be seen from Table I, where we collect some av
age quantities characterizing nondiffractive proton-proto
proton-photon, and photon-photon collisions at c.m.s. en
gies between 10 and 200 GeV. The total and charged mu
plicities at all energies are rather near to each other in
channels. Probably the differences in the multiplicities
hadrons such asp2 andp̄ are more significant; we find them
at all energies rising fromp-p over g-p to g-g collisions.
Also the average transverse momenta rise as expected f

TABLE I. Comparison of average quantities characterizing ha
ron production in nondiffractivep-p, g-p, and g-g collisions at
c.m.s. energies between 10 and 200 GeV. The energies are give
GeV and average transverse momenta are given in GeV/c.

As Quantity p-p g-p g-g

10 ntot 11.2 11.1 11.7
10 nch 6.65 6.53 6.86
10 np2 2.17 2.44 2.88
10 np̄ 0.027 0.063 0.11
10 ^p'ch&centr h 0.39 0.38 0.42
10 ^p' &p2 0.32 0.33 0.36
10 ^p' & p̄ 0.41 0.43 0.47
10 ^n &soft ch 1.16 1.19 1.22
10 ^n &minijets 0 0.00004 0.0020

20 ntot 16.4 16.6 17.1
20 nch 9.64 9.71 10.00
20 np2 3.44 3.78 4.18
20 np̄ 0.086 0.14 0.20
20 ^p'ch&centr h 0.37 0.38 0.44
20 ^p' &p2 0.32 0.34 0.38
20 ^p' & p̄ 0.42 0.45 0.52
20 ^n &soft ch 1.26 1.33 1.31
20 ^n &minijets 0.0003 0.0025 0.028

50 ntot 24.8 26.5 26.9
50 nch 14.5 15.5 15.6
50 np2 5.49 6.19 6.53
50 np̄ 0.21 0.27 0.34
50 ^p'ch&centr h 0.38 0.40 0.46
50 ^p' &p2 0.33 0.35 0.40
50 ^p' & p̄ 0.44 0.47 0.57
50 ^n &soft ch 1.50 1.68 1.44
50 ^n &minijets 0.0096 0.035 0.17

200 ntot 40.1 46.2 47.5
200 nch 23.3 26.9 27.6
200 np2 9.16 10.94 11.46
200 np̄ 0.46 0.59 0.67
200 ^p'ch&centr h 0.40 0.42 0.48
200 ^p' &p2 0.35 0.38 0.42
200 ^p' & p̄ 0.47 0.53 0.64
200 ^n &soft ch 1.59 1.87 1.29
200 ^n &minijets 0.17 0.36 1.01
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p-p overg-p to g-g. In Table I we give also the number of
soft Pomerons,̂n &soft ch, and the number of hard Pomerons,
^n &minijets, contributing in average to the hadronic final state.
The numbers given are obtained after kinematical correction
due to energy-momentum conservation, not the numbers ob
tained from the unitarization step~it turns out, especially at
low energies, that for kinematical reasons not all sampled
Pomeron cuts can be generated in the Monte Carlo simula
tion!. At low energy, where the number of minijets is very
small, we find the number of cut soft Pomerons to be the
same in all three channels. The number of cut hard Pomeron
rises at all energies fromp-p overg-p to g-g. We see also
that the numbers of cut soft and cut hard Pomerons are co
related, and at high energies the number of cut soft Pomeron
decreases fromp-p overg-p to g-g.

In Fig. 14 we compare the longitudinal momentum distri-
butions in the form ofxrdN/dxr for the three channels.
xr5(pi /upiu)2E/As is the so-called radial scaling variable,
very similar to the Feynman variablexF52pi /As. Signifi-
cant differences between the three channels are only found
the region nearxr 5 1 or 21. The reason is the single
diffractive component, which in thep-p andg-p case leads
to the diffractive protons, which are obviously missing in
g-g collisions.

In Fig. 15 we compare the seagull effect in the three chan
nels. We find that as a result of the direct processes in
photon-photon collisions, the rise of^p' & with rising Feyn-
manxF is more prominent in photon-photon collisions than
in proton-proton collisions. In photon-proton interactions we
find in the proton fragmentation region agreement with the
p-p collision, and in the photon fragmentation region, agree-
ment with photon-photon collisions.

FIG. 14. We compare at the collision energyAs5200 GeV the
xr distribution in invariant form for all charged hadrons produced in
proton-proton, photon-proton, and photon-photon collisions. The
calculation was done withPHOJETfor inelastic collisions, excluding
in photon-proton collisions theV-p and in photon-photon collisions
theV-V diffractive contributions.
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In Fig. 16 we plot the transverse energy distributio
dE' /dh. Roughly, these distributions should be equivale
to the pseudorapidity distributiondN/dh multiplied by the
average transverse energy per particle. We observe cha
teristic differences, which can be understood from the fe
tures already discussed. At high energies we find the tra
verse energy distribution to be wider in photon-photo
collisions than in proton-proton collisions. For instance,
200 GeV we find the full width at half maximum~FWHM!
of the curves rising fromp-p overgp to g-g ~7.60, 7.82, and
7.95 pseudorapidity units!, similar at 1000 GeV~9.50, 10.10,
and 10.6 pseudorapidity units!. At low energies, the situation
is less clear, at 20 GeV, the FWHM is smallest forg-g
collisions. The transverse energy distribution rises at allh
from p-p over g-p to g-g. For g-p the distribution agrees
backwards withp-p and forwards withg-g.

For p-p or p̄-p collisions the transverse energy distribu
tion ath50 is known from Intersecting Storage Rings~ISR!
experiments and experiments at the CERN collider. The v
ues calculated withPHOJETagree well with these measure
ments. At the DESYep collider HERA it was found that
practically the same transverse energy ath 5 0 is found as
in p-p interactions and in collisions of real or virtual photon
with protons@49#. This observation agrees well with our re
sults in Fig. 16.

Finally in Fig. 17 we plot the transverse energy distrib
tions dNjet /dE' jet of jets found in the Monte Carlo events
from PHOJET. The jets are searched on the hadron level us
a cone-jet-finding algorithm with the cone radiu
R5A(Dh)21(Dw)251. We find, again, that highE' jet jets
are more prominent ing-g collisions.

FIG. 15. We compare at the collision energyAs5200 GeV the
average transverse momentum of charged hadrons produce
proton-proton, photon-proton, and photon-photon collisions
function of the FeynmanxF variable~seagull effect!. The calcula-
tion was done withPHOJET for inelastic collisions, excluding in
photon-proton collisions theV-p and in photon-photon collisions
theV-V diffractive contributions.
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FIG. 16. We compare at the collision energiesAs520 GeV and
200 GeV the distribution of the transverse energyE' as function of
the pseudorapidityh for proton-proton, photon-proton, and photon-
photon collisions. The calculation was done withPHOJETfor inelas-
tic collisions, excluding in photon-proton collisions theV-p and in
photon-photon collisions theV-V diffractive contributions.

FIG. 17. We compare at the collision energyAs5200 GeV the
transverse energy distribution for hadronic jets~identified using a
jet-finding algorithm! produced in proton-proton, photon-proton,
and photon-photon collisions. The calculation was done with
PHOJET.
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In the photon-photon reaction and at high enough ener
where such models work reliably inp-p collisions, there is
not enough information from experiments on inclusive ha
ron distributions and jet production cross sections. Therefo
it might be interesting to compare the predictions from com
pletely independent models with each other; this could
considered as a way to estimate the systematic uncertain
of the models. ThePYTHIA model is a suitable model to
compare our results with. Such comparisons were alrea
presented for the energy region of the CERNe1e2 collider
LEP 2 in @50#. Here, we compare inclusive hadron produ
tion in nonsingle diffractive photon-photon collisions with
As510, 20, and 50 GeV. A comparison of the predictions o
jet distribution at LEP-II is given in the following section
The two models differ in the photon structure functions us
@PHOJETuses the GRV leading order~LO! photon structure
function @19#; PYTHIA uses the Schuler-Sjo¨strand ~SS! 1D
photon structure function@51##. Furthermore, the methods to
construct the underlying soft hadronic event are complet
different in both models. Therefore we might expect the lar
est differences in resolved events, which depend on the p

FIG. 18. Comparison ofPYTHIA andPHOJETpredictions on~a!
the transverse energy flow vs pseudorapiditydEt /dh and ~b! the
pseudorapidity distributiondNch/dh of charged particles in non-
single diffractive events.
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ton structure function and to which soft spectator jets co
tribute. In Figs. 18 and 19, the predictions on the transver
energy flow vs pseudorapidity, the transverse momentu
distribution and the pseudorapidity distribution of charge
particles are shown. The differences in the predictions
both models—and this is true for all three comparisons—a
not negligible, but still reasonably small. These differenc
reflect certainly the differences in the methods to constru
the soft part of the hadronic events.

V. HADRON AND JET PRODUCTION
IN PHOTON-PHOTON COLLISIONS AT PRESENT
AND FUTURE ELECTRON-POSITRON COLLIDERS

A. Photon flux calculation

1. Bremsstrahlung

The flux of weakly virtual photons is calculated taking
into account only transversely polarized photons. Within th
approximation theep→eX photoproduction cross section is
given by

dsep

dy dP2
5 f g,e~y,P

2!sgp~s,P
2!, ~23!

with

f g,e~y,P
2!5

aem

2pP2 F11~12y!2

y
22me

2y
1

P2G . ~24!

Here, y andP252pg
2 denote the energy fraction taken by

the photon from the electron and the photon virtuality.me is
the electron mass. Neglecting the dependence of thegp
cross section onP2 in Eq. ~23!, the well-known equivalent
photon approximation@26# is obtained:

f g,e~y,P
2!5

aem

2p F11~12y!2

y
ln
Pmax
2

Pmin
2

22me
2yS 1

Pmin
2 2

1

Pmax
2 D G . ~25!

For example, taking the kinematic limitPmin,kin
2 as the lowest

photon virtuality allowed,

Pmin,kin
2 5

me
2y2

12y
, ~26!

this simplifies to

f g,e~y!5
aem

2p S 11~12y!2

y
ln

~12y!

me
2y2

Pmax
2 2

2~12y!

y D .
~27!

An expression similar to Eq.~23! is used for
ee→ee1X scattering involving photons with small virtuali-
ties:

d2sep

dy1dP1
2dy2dP2

2 5 f g,e~y1 ,P1
2! f g,e~y2 ,P2

2!sgg~s,P1
2 ,P2

2!.

~28!



s

e
the

en

i-
ee,

-
l
or

ata
b-

er

i-
l

a

e-
ed
s
ton

m
n

r-
e-
e
ss
w-
u-

r
s,
nd

to
al
s
1

54 4255HADRONIC PHOTON-PHOTON INTERACTIONS AT HIGH . . .
2. Beamstrahlung

In the case of Gaussian beams, the effective beamstr
ung spectrum has been estimated by Chenet al. @52,53#. The
dependence of this spectrum on the particle-bunch para
eters can be expressed by the beamstrahlung parameterY:

Y5
5r e

2ENe

6aemsz~sx1sy!me
. ~29!

Here,E denotes the beam energy,Ne is the number of elec-
trons or positrons in a bunch,sx andsy are the transverse
bunch dimensions, andr e52.818310212mm is the classical
electron radius. The beamstrahlung spectrum is appro
mated by@53#

f g,e
beam~y!5

k1/3

G~1/3!
y22/3~12y!21/3e2ky/~12y!

3H 12w

g̃~y!
F12

1

g̃~y!Ng

~12e2Ngg̃~y!!G
1wF12

1

Ng
~12e2Ng!G J , ~30!

with

g̃~y!512 1
2 ~12y!2/3@12y1~11y!A11Y2/3#, ~31!

k52/(3Y), andw51/(6Ak). The average number of pho
tons,Ng , emitted per electron is given by

Ng5
5aem

2 szme

2r eE

Y

A11Y2/3
. ~32!

FIG. 19. Comparison ofPYTHIA andPHOJETpredictions on the
transverse momentum distributiondNch/dp' of charged particles
in nonsingle diffractive events.
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3. Photon emission by laser backscattering

Depending on the polarization of the laser light, variou
photon spectra can be produced@54–56#. Here we consider
only the case of unpolarized laser radiation. Furthermore, w
assume that the laser frequency is chosen to be below
pair-creation threshold at the optimal value given in@56#.
Then, the spectrum of backscattered photons can be writt
as

f g,e
laser~y!5

20.544y312.17y222.63y11.09

~12y!2
Q~0.8282y!.

~33!

B. Comparison with data on jet production
in photon-photon collisions ate1e2 colliders

Data on hadron and jet production in collisions of quas
real photons have been reported by several experiments; s
for instance,@57–63#. A compilation of available data is
given in @64#. Not all of these data are suitable to be com
pared with theoretical models without first performing a ful
detector simulation; for example, this is certainly the case f
the data from@57–59#, which are not acceptance corrected.

In this respect the cleanest, full acceptance-corrected d
seem to be the jet transverse momentum distributions pu
lished by the TOPAZ and AMY Collaborations@62,63#.
These data were already compared to next-to-leading-ord
QCD calculations by Aurencheet al. @30# and by Kleinwort
and Kramer@65#.

In Fig. 20 and we comparePHOJETresults calculated us-
ing the GRV LO photon structure function@19# with the
TOPAZ single-jet and two-jet transverse momentum distr
butions@62#. The TOPAZ antitag conditions and kinematica
cuts were applied to thePHOJETevents. The jets are searched
from the Monte Carlo events on the hadron level using
cone-jet-finding algorithm with cone radiusR51. The cross
sections for these jets, which should approximately corr
spond to the jets identified in the experiment, are compar
to the data. To illustrate the difference of these jet cros
sections to the cross sections treating each hard par
(p'.3 GeV/c) as a single jet, we include in the figures also
the nonfragmented parton cross sections. Both curves fro
the model differ considerably. The reason is the contributio
of the underlying event to thep', jet of the analyzed jets and
the finite width of the hadonic jets. In some cases, the unde
lying event shifts the jet to larger pseudorapidities and ther
fore often out of the rapidity range of the data. Clearly, w
should discuss the comparison of the data with the jet cro
section found for the searched jets. The agreement is, ho
ever, not perfect; the model is below the data for the calc
lation using the GRV LO photon structure function@19#. It is
interesting that the calculation of Kleinwort and Krame
@65#, which uses the same GRV photon structure function
shows the same disagreement to the single-jet data as fou
usingPHOJETin Fig. 20.

The antitag condition of the AMY Collaboration@63# al-
lows photons with rather large virtualitiesP2; therefore, not
only quasireal photons contribute to this data. We have
expect a less perfect agreement with a model for quasire
photon-photon collisions. This antitag condition also make
the data from the two experiments nonequivalent. In Fig. 2
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we compare thePHOJETresults, again treated with the antita
condition and kinematical cuts of the experiment, with th
single- and two-jet data of the AMY Collaboration@63#. In
fact, we find like Kleinwort and Kramer@65# a reasonable
agreement~at least not worse than that to the TOPAZ dat!
to the AMY data. Similar results have been reported
Drees and Godbole@66# using a leading-order QCD calcula
tion with several photon PDF’s.

C. Hadron production in photon-photon collisions
at future electron-positron linear colliders

Two-photon physics at futuree1e2 colliders has been
discussed by several authors; for example, see@67,53#. These
studies are mainly restricted to processes involving large m
mentum transfers. Here, we consider minimum-bias distrib
tions which may be important for background estimatio
and detector design.

There are at present several projects for electron-posit
linear colliders under active study. Here we pick out for o
calculations only one of these projects, the TeV Energy S
perconducting Linear Collider~TESLA!. Details about the
most recent TESLA project were given by Brinkmann@68#.

Using the formulas discussed in the last subsection
plot in Fig. 22 the photon spectra according to the equivale
photon approximation, the beamstrahlung spectrum using
bunch parameters@68# as given in the caption of Fig. 22, and
a backscattered laser spectrum. The photon virtuality w
restricted toP2<0.01 GeV2/c2. In Table II we give the av-
erage photon-photon energies and the cross sections inmb
for the three photon spectra and two energies. From Fig.
and Table II we see that the beamstrahlung spectrum of
TESLA project is the softest of the three photon spectra a
the backscattered laser spectrum is the hardest.

FIG. 20. Comparison of single-jet~upper curves! and two-jet
~lower curves! cross sections from the TOPAZ Collaboration@62#
with PHOJET results.PHOJET uses the GRV LO photon structure
function@19#. We give fromPHOJETthe cross section correspondin
to jets found using a jet-finding algorithm~these are the ones to be
compared to the data! and in addition the cross sections on th
parton level, without hadronization of the jets.
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Of course, in the case of a linear collider we will always
have to consider for background problems the superpositi
of the beamstrahlung spectrum and the bremsstrahlung sp
trum.
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FIG. 21. Comparison of single-jet~upper curves! and two-jet
~lower curves! cross sections from the AMY Collaboration@63#
with PHOJET results.PHOJET uses the GRV LO photon structure
function@19#. We give fromPHOJETthe cross section corresponding
to jets found using a jet-finding algorithm~these are the ones to be
compared to the data! and in addition the cross sections on the
parton level, without hadronization of the jets.

FIG. 22. Photon fluxes at aAs5500 GeV linear collider TESLA
@68#. Given are the bremsstrahlung spectrum, the beamstrahlu
spectrum using the bunch parametersNe51.831010, sx5598 nm,
sy56.5 nm, andsz50.5 mm@68#, and a backscattered laser spec
trum.



-

n
e

o

-

-
t,

d
ft
o

e

e
r-
e
r

s

nd

54 4257HADRONIC PHOTON-PHOTON INTERACTIONS AT HIGH . . .
A reasonable lowest energy for collisions to be sampl
usingPHOJETis Asgg55 GeV ~PHOJETwould, however, run
without problems even down toAsgg52 GeV!. For all ap-
plications in this and the following subsection we always c
the photon spectra at smally in such a way that this lower-
energy cutoff is respected.

In Figs. 23 and 24 we plot the cross sectionssdE' /dh
for the transverse energy as function of pseudorapidity a
ds/dh for the charged hadron production as function
pseudorapidity. It is clearly visible that the backscattered
ser spectrum is rather hard and has the highest weight.
beamstrahlung spectrum and the bremsstrahlung spect
are rather comparable; the former has the higher weight,
the latter is the harder of these two.

The same differences between the three photon spe
are visible in the cross sectionsds/dp' for charged hadron
production as function of the transverse momentum in F
25 for the 500 GeV TESLA collider.

D. Hadron and jet production in photon-photon collisions
at the LEP-II electron-positron collider

We use throughout this section an electron-positron e
ergy of As5175 GeV for phase II of the LEP collider. Of
course, here we have only to consider the bremsstrahl
spectrum. Assuming antitagging of the scattered electro
and positrons we restrict the scattering angle of the outgo
electron and positron toumax,40 mrad. This is a realistic
antitagging condition which can be achieved with the lum
nosity detectors at LEP. Since we are interested in jets, o
events withAsgg.10 GeV are considered. The averag
photon-photon energy at LEP-II with the given electron
positron energy will beAsgg'27 GeV. The virtualityP2 of
the photons will be about̂P2 &'0.1 GeV2. In Table III we
compare some average properties of the LEP-II photo
photon collisions with photon-photon collisions a
Asgg525 GeV. We find that the average properties are rath
well represented by photon-photon collisions atAsgg525
GeV.

In the following we consider a calorimeter detector wit
the pseudorapidity coverageuhu<2.1. Applying a jet finding
algorithm to this detector we can identify jets in the pseud
rapidity rangeuh jetu<1.1. For the jets we use generally
lower jet transverse energy cutoffE' jet>5 GeV.

In Fig. 26 we show the jet transverse energy distributi
in the acceptance region given above together with its d
composition into the different hard interaction mechanism

TABLE II. Average photon-photon energies ande1e2 cross
section inmb for the three photon spectra and two linear collid
energies. The energies are given in GeV.

Ase1e2 Photon spectrum Asgg Weight (mb!

500 Bremsst. 50 0.0067
500 Beamst. 16.7 0.038
500 B.Laser 252 0.47

1000 Bremsst. 105 0.0075
1000 Beamst. 41 0.026
1000 B.Laser 509 0.59
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The single-resolved contribution within the acceptance re
gion is surprisingly small. At smallE' jet, the double-
resolved contribution dominates; at largeE' jet , the direct
contribution dominates.

One problem, which can only be studied with a model
formulated as an event generator, is the difference betwee
jets as calculated from the theory on the parton level and th
jets obtained from a jet-finding algorithm from the hadronic
events. There are essentially two effects:~i! In a detector
with a limited acceptance region one gets a difference due t
the finite width of the hadronized jets.~ii ! If the jets are
produced above a soft hadronic background, then this back
ground will contribute randomly to the jets, increasing their
transverse energy or increasing even the number of jets.

In Fig. 27 we study this problem separately for direct,
single-resolved, and double-resolved jet events. The leading
order parton model cross section, taking each parton as a je
is compared with the predictions of the full model, including
initial and final state radiation and hadronization. The jet
cross section of direct jets on hadron level is decrease
against the ones on parton level. There is no underlying so
hadronic background in these events; the reduction is due t
the width of the jets together with the limited jet cone used
for the jet search and the limited detector acceptance. In th
model, the jet width is determined by final state radiation and
hadronization. In the case of double-resolved jet events, th
opposite behavior is found. Double-resolved events are cha
acterized by the largest soft hadronic background of the thre
interaction types considered here. This background togethe

FIG. 23. Cross section weighted transverse energy distribution
sdE' /dh measured inmb GeV at theAs5500 and 1000 GeV
TESLA linear colliders@68#. Given are the distributions for the
bremsstrahlung photon spectrum, the beamstrahlung spectrum, a
a backscattered laser spectrum.
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with effects of initial state radiation and multiple interaction
leads to a significant increase of the hadronic jet cross s
tion against the partonic one. For single-resolved jets the s
background is less than for the double-resolved ones; a
the contribution due to initial state radiation is smaller. W
find that in this case the effects compensate approximat
and the jet cross sections on hadron and parton levels
very near to each other.

To study the influence of multiple soft and multiple har
interactions in the model we plot in Fig. 28 the jetE' cross
section for double-resolved events using the following mod
versions:~i! a model with single soft or hard interactions,~ii !
a model with up to one soft and multiple hard interaction
and~iii ! a full model with multiple soft and hard interactions
To realize model versions~i! and~ii !, the number of soft and
hard interactions is sampled according to Eq.~10!; however,
in events with more than one soft or hard interaction, t
number of interactions is cut down to the limits given for~i!
and ~ii !. The arbitrary threshold between soft and hard pa
tons in the model isp'

cutoff53 GeV/c. The curve for~ii ! is
rather close to theE' jet distribution of the full model. With
the average numbers of minijets given in Table III the chan
to have more than one minijet in one event is small. This
different for the soft interactions; the chance to have in a
dition to the hard scattering at least one soft interaction
rather high.

An estimate of the model dependence of these predictio
is obtained by comparing the results obtained withPHOJET

FIG. 24. Pseudorapidity cross sectionsds/dh, measured in
mb per pseudorapidity unit, at theAs5500 and 1000 GeV TESLA
linear colliders@68#. Given are the distributions for the bremsstrah
lung spectrum, the beamstrahlung spectrum, and a backscatt
laser spectrum.
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andPYTHIA. To avoid any bias due to different photon flux
approximations, the events have been generated with th
photon flux function~24! as implemented inPHOJET, how-
ever usingPYTHIA ~with default parameter settings! for the
simulation of theg-g scattering process. In Fig. 29 we
present jet cross sections from both models inAse1e25175
GeV photon-photon collisions separately for direct, single-

-
ered

FIG. 25. Transverse momentum cross sectionsds/dp' at the
As5500 GeV TESLA linear collider@68#. Given are the distribu-
tions for the bremsstrahlung photon spectrum, the beamstrahlun
spectrum, and a backscattered laser spectrum. Please note that
p' distributions for the bremsstrahlung spectrum and the beam
strahlung spectrum cross. At lowp' the beamstrahlung dominates,
at highp' the bremsstrahlung spectrum dominates.

TABLE III. Comparison of average quantities for LEP-II
photon-photon collisions with photon-photon collisions at
Asgg525 GeV. The average transverse momenta are given in
GeV/c.

Quantity LEP-IIgg gg at 25 GeV

ntot 15.9 17.2
nch 9.58 10.1
np1 3.98 4.12
np2 3.98 4.12
np̄ 0.20 0.19
^p' &p2 0.37 0.37
^p' & p̄ 0.48 0.50
^n &soft ch 1.21 1.44
^n &minijets 0.030 0.028
Weight (mb) 0.0032
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FIG. 26. Decomposition of the jet cross sectionds jet /dE' jet as
a function of the jet transverse energy. The jets withE' jet>5 GeV
were found from thePHOJETevents using a cone algorithm. The je
acceptance region was restricted touh jetu<1.1. Note that the single-
resolved contribution as shown enters the total jet cross sec
twice.

FIG. 27. Jet cross sectionds jet /dE' jet of direct, single-resolved,
and double-resolved interactions as a function of the jet transve
energy. For partonic as well as hadronic jets, the acceptance re
was restricted touh jetu<1.1.
resolved, and double-resolved events. As expected, we fin
nearly no differences for direct events and the differences a
largest in double-resolved events. However, for transverse j
energies above 8 GeV the differences between both mode
are rather small. Switching off multiple interactions in
PHOJET, both models give similar predictions.

To study the influence of an upper visible energy cut we
plot in Fig. 30 the jet transverse energy cross section togeth
with the distribution obtained with the cutEvisible<50 GeV
within the acceptance regionuhu<2.1. The 50 GeV cut
serves to suppress jets coming fromZ0 decay. For jets with
transverse energies below 10 GeV this cut does not chan
theE' jet distribution drastically. Finally, in Fig. 31 we plot
the cross section as function of the visible energy within th
acceptance region. Since we want to search jets with a
E' jet>5 GeV cutoff, we use a lower threshold for the
photon-photon energyAsgg510 GeV. The plot gives the vis-
ible energy distribution without restrictions and in a second
curve the visible energy is obtained if we demand at leas
one jet withE' jet>5 GeV and impose the visible energy cut
Evisible<50 GeV within the acceptance region given above
We observe, that nearly each event with a visible energ
above 30 GeV contains at least one jet withE' jet>5 GeV.

VI. CONCLUSIONS AND SUMMARY

The PHOJET model can be used to calculate hadronic
events in hadron-hadron, photon-hadron, and photon-photo
collisions. The model is found to agree well with data in
hadron-hadron and photon-hadron collisions; the prediction

ion

rse
ion

FIG. 28. Jet cross sectionds jet /dE' jet as a function of the jet
transverse energy. In order to study the influence of multiple so
and hard interactions in the model, we consider restricted cases w
only single soft or single hard collisions. The curve with multiple
soft, single hard collisions coincides nearly with the solid curve
The jets withE' jet>5 GeV were found from thePHOJET events
using a cone algorithm. The jet acceptance region was restricted
uh jetu<1.1.
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FIG. 29. Comparison ofPYTHIA andPHOJETpredictions on the
jet cross sectionsds jet /dE' jet as a function of the jet transverse
energy. The contributions of the three basic interaction types, dire
single-resolved, and double-resolved, are shown separately. Fo
calculations, the photon PDF parametrizations GRV LO and S
1D have been used forPHOJETandPYTHIA, respectively.

FIG. 30. Jet cross sectionds jet /dE' jet as a function of the trans-
verse energy. Here we give in addition the cross section with
visible energy cut~inside a calorimeter withuhu<2.1 the cut is
Evis<50 GeV!. The jets withE' jet>5 GeV were found from the
PHOJET events using a cone algorithm. The jet acceptance reg
was restricted touh jetu<1.1.
for photon-photon collisions do not need any new param
eters.

Multiple soft and multiple hard interactions~minijets!
lead to a rise of the rapidity plateau, which agrees in hadron
hadron and photon-hadron collisions very well with the rise
of the plateau observed experimentally.

Minimum-bias hadron production in hadron-hadron,
photon-hadron, and photon-photon collisions of the same
c.m.s. energy is remarkably similar. To see this, one has t
restrict the comparison to inelastic events and to exclude als
the diffractively produced vector mesons in reactions involv-
ing photons. The only striking differences appear in the
transverse momentum distribution or distributions, where the
transverse momentum behavior is essential. This differenc
can be understood to be due to the direct photon interactio
contribution and due to the photon structure function being
considerably harder than hadronic structure functions.

PHOJETcan be applied also to photon-photon interactions
at electron-hadron and electron-electron or electron-positro
colliders. Photon spectra according to bremsstrahlung, beam
strahlung and backscattered laser radiation in linear electron
positron colliders are implemented at present. The mode
shows reasonable agreement with data on jet production i
photon-photon collisions as obtained by the TOPAZ and
AMY Collaborations@62,63#. It is easy to implement other
similar photon spectra. With these possibilitiesPHOJET
should be a tool suitable to study the photon-photon back
ground to other interesting reactions at such colliders.

After finalizing this work, we learned that Schuler and
Sjöstrand had just issued a report@69# where they study had-
ronic photon-photon interactions using an alternative model

ct,
r the
aS

a

ion

FIG. 31. Cross section as a function of the visible energy inside
a calorimeter withuhu<2.1. Only events withAsgg>10 GeV are
sampled from the photon spectrum, Eq.~24!. In a second curve we
request jets withE' jet>5 GeV and impose a visible energy cut of
50 GeV.
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As shown in Figs. 18, 19, and 29, the predictions of bot
models agree reasonably well.
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