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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.
[S0556-282(96)01319-1

PACS numbed(s): 12.40.Nn, 13.60:r, 13.65+i

I. INTRODUCTION Assuming a universal behavior of soft hadronic interac-
tions, it is possible to extend the dual parton model to had-
The photon, in its high-energy interactions with hadrons,ronic interactions involving photons. The first studies of
behaves very much like a hadron, however, with cross sedPhoton-hadron interactions in the framework of the two-
tions reduced strongly against purely hadronic cross section§omponent dual parton model were done by Eri§ei11].
In addition to this soft hadronic interaction, usually describedThis reaction was studied within other models by various
using the vector dominance mod®DM), the photon has a authors; one example is the work by Schuler andstmd
direct(QED) pointlike interaction with the hadronic constitu- [12,13 which is also available within the event generator
ents and it has a resolved hard interaction between its hadYTHIA [14].
ronic constituents and the hadronic constituents of the target. Here we apply the model described[B11] to the study
At moderate energies these hard interactions of the photorf¥ hadronic photon-photon interactions. In Sec. Il we give a
do not Change Significant|y some of the minimum bias propb”ef IntrOdUCtlon to the dual parton m0de| Used to descnbe
erties of photon-hadron and photon-photon interactions, suchhoton-hadron and photon-photon collisions; a complete ac-
as, for example, the average multiplicities or pseudorapiditgount of the model can be found [8,11]. An overview of
distributions. This is often forgotten if only the hard part of the model realization in the Monte Carlo event generator
the photon interaction is discussed. Of course, these haRHOJETis given. We study wittPHOJET hadron-hadron and
interactions dominate transverse momentum distributions dphoton-hadron collisions and compare to data in Sec. Iil. In
produced hadrons and jets. Even at high energies, hadron€e¢. IV we compare the properties of minimum-bias hadron
interactions of photons are characterized by soft multiparticl@roduction as calculated wittPHOJET in hadron-hadron,
production. Since the soft component of hadron productioPhoton-hadron, and photon-photon collisions. In Sec. V we
cannot be understood purely on the basis of perturbativéliscuss the properties of hadron production via photon-
QCD, one has to rely on models to calculate the multiparticlg?hoton collisions at present and future electron-positron col-
final states. The dual parton modEIPM) (a recent review is liders. A summary is given in Sec. VI.
given in Ref.[1]) has been very successfully describing soft
hadronic processes in hadron-hadron collisions. Observa-
tions such as rapidity plateaus and average transverse mo-
menta rising with energy, Koba-Nielsen-Ole&NO) scal- The realization of the dual parton model with a hard and a
ing violation, transverse momentum-multiplicity soft component irPHOJETIis similar to the event generator
correlations, and minijets pointed out that soft and hard propTuJET-93[2,8] simulatingp-p andp-p collisions up to very
cesses are closely related. These properties were understdoigh energies. In the following, we restrict our discussion of
within the two-component dual parton model for hadron-the model to the basic ideas rather than giving the complete

IIl. EVENT GENERATOR PHOJET

hadron interactions by Aurenctet al. [2—8]. expressions for all the formulas and quantities entering the
model. More detailed descriptions of the model are given in
[9,11].
“Present address: Departamentsi¢a de Partulas, Universidade In the model, the dual nature of the photon is taken into
de Santiago de Compostela, Spain. account by considering the physical photon state as a super-
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FIG. 1. Graphical presentation of the optical theorem: the discontinuity of the elastic scattering amplitude at vanishing momentum
transfer can be considered a unitarity cut through all intermediate particle propagators, restricting these particles to the mass shell. Besides
trivial kinematical factors, the discontinuity corresponds to the total cross section.

position of a “bare photon” and virtual hadronic states hav-the cross section is not possible within perturbative QCD.
ing the same quantum numbed8©=1"" as the photon. However, the integration over the transverse momenta of the
Since the properties of the high-mass hadronic fluctuationsitermediate states can be split into two parts, the integration
of the photon are not well known, it is necessary to introduceover momenta withp, < p° and the integration over mo-

L

some approximations for calculations. To keep the model agenta with pizpiut')ff_ The graphs are artificially subdi-

simple as possible, two generic hadronic stdgg) and  vided into two classes; the first describes osft processes
lag*) have been introduced to describe the hadronic piecand the second sums all the other graphs with at least one
of the photon. The low-mass stagq) corresponds to the |arge momentum transfethard processes For simplicity,
superposition of the vector mesonps w, and ¢ and a all intermediate states are assumed to be partons. Soft and
" 7 background. The statejq*) is used as an approxi- hard processes are distinguished by applying the transverse

mation for hadronic states with higher mas¢es.,p’, ®’,  momentum cutofp®™" to these partons.
or p”). The physical photon reads In the model, the cross section of hard processes is esti-
mated using the framework of the QCD-improved parton
ly)= \/Z—3| Yoare) T Yhad) ) model with lowest-order matrix elemerts6,17. Assuming

a purely imaginary Pomeron amplitude, the optical theorem
is used to relate the cross section of the hard processes to the
e  e? e e hard part of the Pomeron amplitude. For example, the con-
Z3=1— ——-—— and |yhad)=f—Jqq>+f—7|qq*), tribution Ag'; of the simplest nontrivial Pomeron graph with
faa fag aa aq* two highp, “ladder” gluons having the momentg; and
2 g, is given by

with

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

within the dual parton model in terms of Regged?) (@nd  \\heres is the squared center-of-mass syst&mm.s) en-
Pomeron [’) exchanges. For soft processes, photon-hadrog,q,,

duality is used. The energy dependence of the Reggeon and'The cross section corresponding to the graphs describing
Pomeron amplitude is assumed to be the same for all hadsft processes only is parametrized using Regge arguments
ronic processes. Therefore, data on hadron-hadron angl, 5 sypercritical Pomeron pole. Of course, the parameters
photon-hadron cross sections can be used to determine t&ering the expression for the soft cross section depend on

parameters necessary to describe soft photon-photon interagye yalue of the cutoff to distinguish between soft and hard
tions. However, one does not expect that this phOton'hadroﬁrocesses.

universality holds for processes involving short distances qp the Born-graph level, for example, the photon-photon
(high transverse momentaThere, long- and short-living ,oss sections read as follows.

fluctuations can contribute. o _ (i) The Reggeon and Pomeron excharigeft processes
In the following we assume that hadronic interactions aty

high energies can be described by the exchange of a single

generic Pomeron. This Pomeron exchange is taken to corre- e?2\2 s\ Ar

spond to graphs with multiperipheral kinematids]. The 055“(3):(ij gP,qafO)gP,qE(O)(S—) :

total Pomeron cross section can be calculated from the dis- aq 0

continuity of the elastic scattering amplitude. The optical 512 Ap

theorem relates the discontinuity of the Pomeron amplitude o) = e_ 95 qat0)9x «al0) S\ ()

to diagrams with all possible final statésee Fig. 1 In order K féq FaaIoRaa s )

to get the cross section corresponding to such diagrams one

has to sum and integrate over these states as intermediatéth Ap=ap(0)—1 and Ap=ap(0)—1. Here we denote

particles with the momenta; . In general, the calculation of with ap(0) [ar(0)] the PomeroriReggeon intercept, and

ela_: 4; elay _: arton model
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with gp 45 (9r,qq) the couplings of the PomerdiReggeon 00 e , ﬂjff '
to the hadroniqq fluctuations. ' ' '
(ii) The hard double-resolved photon-photon interaction
o s, poutorfy 1200 PHOJET GRY 1O — }
d-red S P PHOJET SaS 2M —

1000

- 1
= | dxdxdt X ———1,i(x1,Q)f,,(x,,Q?)

iTki 140y
N 800 - .
dol°P, (5,1) o,
=k 2 toff in
XT@(FM—DEUO ; ©) (ub)
600 | .
wheref.(x;,Q?) is the distribution of the parton in the
photon and the sum includes all possible parton configura- 100 |
tionsi,j,k,l. Y
(iii) The single-resolved interaction ] } { % 1
200 - ] i
- do 9P, (51 )
Us-reisvpiumﬁ :f dthE fw(ﬁQ%%
A dt 0 s s .
10 100 1000
X0 (p, —p"*"). (8) V5 (GeV)

(iv) The direct interaction FIG. 2. Inelastic photon-photon cross sections as calculated in

“ the model compared with experimental data at low energies
oan(s pcutoff _ f diz dU%VHKI(S’t) O(p, — pcutoff) [57,70-73. The two curves from the model were calculated using
AL X dt LR the GRV LO photon structure functigi 9] and the SaS 2M photon
(7) structure functiorf51]. The differences between both curves at high
energy demonstrate the uncertainties of the predictions due to the
For simplicity, we have written the cross section formulaslimited data available on the photon structure function. Our curve
only for the low-mass statéqq). Similar expressions are calculated with the SaS 2M structure function agrees practically
used for interactions involving thT) state. If not explic- with the cross section calculated with t_he same structure function
itly stated, all the calculations have been done using th&ut using another model by Schuler andssjand[13].
leading-order Gluck-Reya-VogtGRYV) parton distribution . . ]
functions for the protori18] and the photori19)]. rect amplitudes given py pert'urbatlv.e QCD are summed up.
Assuming Gaussian distributions in impact parameter! N€ complete expressions will be given(itd].

space, the amplitudes for the different processes can be cal- The probabilities to find a photon in one of the generic
culated from the cross sections given above. hadronic states, the coupling constants to the Reggeon and

The amplitudes corresponding to the one-Pomeron exPomeron, and the.effective Re.ggec_)n and Pomeron interc_e_pts
change between the hadronic fluctuations are unitarized ag@nnot be determined by basic principles. These quantities
plying a two-channel eikonal formalism similar {@0,2). are t_reated as free parameters. It was shom{r@]n_hat it is
Note that only the double-resolved contributions to the Born{0SSible to fix the free parameters by a global fit to proton-
graph amplitudedouble-resolved soft and hard scatterings Proton and photon-proton cross sections and elastic slope
are eikonalized21—23. The unitarity corrections to single- Parameters. In Fig. 2 we show the model predictions for the
resolved and direct interactions are suppressed by additionigelastic photon-photop cross S_ectl()ncludmg quasn_elastu:
powers of the fine structure constamt, and can be ne- vecto_r meson productionThe dlffrac_tlve cross sections of
glected. In impact parameter representation, the eikonalizegiiasielastic vector meson productiol'<p, », and ),

scattering amplitude for resolved photon interactions has théingle-diffraction dissociation, and double-diffraction disso-
ciation are given in Fig. 3. In order to show the strong de-

structure
pendence of the model extrapolations on the parton densities
e?\2 of the photon, the cross sections have been calculated with
ared S,B) = §<fT (1-e xB), (8 two different parametrizations of the parton distribution
aq functions.

Once the free parameters are determined, the probabilities

for the different final state configurations are calculated from

¥(5,B)=xs(S,B)+ xu(S,B) + xo(S,B) + xc(s,B). (9)  the discontinuity of the elastic photon-photon scattering am-

plitude (optical theorem The total discontinuity can be ex-

Here, xi(s,B) denotes the contributions from the different pressed as a sum of graphs withsoft Pomeron cuts hard
Born graphs: §) the soft part of the Pomeron and Reggeon,Pomeron cutsm, triple- or loop-Pomeron cuts, and,
(H) the hard part of the PomerorD] the triple- and loop- double-Pomeron cuts by applying the Abramovski-Gribov-
Pomeron, and€) the double-Pomeron graphs. To get theKancheli (AGK) cutting rules[24,25. In impact parameter
photon-photon scattering amplitude, the resolved and the dspace one gets, for the inelastic cross section,

with the eikonal function
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200 ————"m T ‘ T The influence of a weak photon virtuali§? on the total

: cross section is estimated using arguments of the generalized
180 1 S VDM (GVDM). For definiteness let us consider the photon-
osp GRY LO — photon cross section &' e~ colliders. The total cross sec-

osp SaS 2M — h ! .. . . . .
160 - opp GRVLO — S tion can be divided into partial cross sections according to

af/[\)/DGsrﬁs 1o . the photon polarizationgT (S) for transversescalaj pho-
Mo oSS i tons; see Refd26,27]

L 4 tot, 2 D2 oy tot p2 2 tot, 2 p2
120 o0y *P(P3,P3,5) =o' P1(P1,P5,5) + €109 P3,P5,9)

O diff tot, 32 2
(ab) 0T N + e,074P1,P5,9)

+e,6,054 P2, P2 s). (12

The polarization parametees depend on the electron beams
creating the photon flux. For unpolarized electron beams the
values ofe; were found to be close to (see, for example,
[28]). In the following we use the approximation suggested
in [27], settinge;= e,= 1. The experimental cross section is
parametrized by27]

0 ] L 1

10 100 1000 tot, expt p2 p2 _ tot 2 2
/5 (V) oy *P(P3,P3,5)=0'0(0,08)F(P)F(P3), (13
with
FIG. 3. Diffractive cross sections as calculated WHROJET ) )
using the GRV LO photon structure functiph9] and the SaS 2M o 2 1+ P4/(4my) 1
photon structure functiof51]. The upper curve is for each of the F(P )_V=p 01 v (1+ |:>2/m\2/)2 + re“1+ p2/m2ﬁ’
three cross sections, the one obtained with the GRV LO structure " ¢
function. F(O) =1. (14)
(2x9)% (2xw)'e (2xp)™Me (2xc)"e The influence of high-mass vector mesons and continuum
o(ke,lc,mg,ne,s,B)= k! K m! N contributions is taken into account by the last term of the
sum. The parameters occurring in Efj4) are given in[27].
xexd —2x(s,B)], (10)  The suppression of the parton content of the photon due to
the photon virtualityP? is approximated by the parametriza-
with tions[29-31]
oc IN[Q?/(P?+m?)]
2 p2y— 2 P
dZB k ’I ,m.,n ,S,B ~ — , f ,q-(va 1P )_f ,q-(X!Q 2 2 ’ (15)
f kﬁlﬁgﬁnc:l ke le.Mg.Ne ) Ttot™ Tgel 7 7 In(Q /mp)
11
- , N7 [Q%/(P?+ m>)]
H f g(le 1P )=f (XIQ ) 2 2 2 (16)
where o, and o, denote the total cross section and the L& 79 IN“(Q*/my)

cross section of quasielastic vector meson production, re-

spectively. We use here the conventiong ®f treating the ~ Events withn soft Pomeron cutsn(=2, multiple interactioh
triple- and loop-Pomeron cross sectio@@md henceyp) as  are suppressed with a factor

negative quantities. If2] the negative sign is explicitly writ- ) ) he1
ten in the cross section formul@$0). These negative cross P Msup Msyp
sections are not directly related to physical processes. For ST (PE+ mgup) (P5+ mgup) '
example, the triple-Pomeron graph represents an absorptive

correction; it has to be summed with the single-Pomerorwhere the effective massg,, is assumed to be the mass.
exchange graph, reducing the total cross section. Since the In the Monte Carlo realization of the model, the different
triple-Pomeron graph involves three Pomerons, one has tiinal state configurations are sampled from E#§0). For
apply the AGK cutting rules to calculate the contribution of Pomeron cuts involving a hard scattering, the complete par-
this graph to physical processes. For example, the diffractivéon kinematics and flavors or colors are sampled according to
cut of this graph(corresponding to the well-known descrip- the parton model using the method[82], extended to direct
tion of diffraction by Pomeron-particle scatterinas the processes. In the model, initial state parton showers are gen-
AGK weight of —1. Together with the negative sign of the erated using a backwards evolution algorithm similar to
triple-Pomeron cross section, this gives a positive, experit33,34 with the parton virtuality as an evolution variable.
mentally observable cross section for diffraction. In generalFor interacting photons, the direct splitting—qq is ap-

for all graphs involving more than one Pomeron, a resummaproximately taken into account. During the parton shower
tion according to the AGK cutting rules is doffig,11] to  generation, the probability to have a direct photon splitting is
allow for the probability interpretation of Eq10). calculated comparing the anomalous contribufigs]

17
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to the full photon parton distribution functioPDF). The L . .
quark massny in Eq. (18) depends on the parametrization of . FIG. 4. Unitarity cut of a one-l?omero_n_grap_h. th? unitarity sum
the photon PDF and is set fitting the PDF at lasgand including all p035|blg flnallstates is supdmded into final states w@h
Q?. Final state parton showers are generated using the alglgij/-w_pi part?u?()sff and into final states with at least one parton satis-
" =
rithm provided in the Lund Monte CarlaeTseT[14]. NG PL=pL
For Pomeron cuts without large momentum transfer, the . .
partonic interpretation of the dual parton model is used: Photh® Pomeron, the Capella—Kaidalov—Merino—Tran Thanh
tons or mesons are split into a quark-antiquark pair wherea¥@n (CKMT) parametrization with a hard gluonic compo-
baryons are approximated by a quark-diquark pair. The lon€nt[40,41 is used. , o
gitudinal momentum fractions of the partons are given by Finally, the fragmentation of the sampled partonic final
Regge asymptotic§36—39. One obtains, for the valence states is done by forming color neutral strings between the

quark ) and diquark (& x) distribution in the proton, 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-
p(X)~ i(l_x)l.S (199  chain configuration characterizing a cut Pomefas shown
X in Figs. 4a) and 4b)] and a one-chain system for a cut
Reggeon. In hard interactions the color flow is taken from
and, for the quark-antiquark distribution in the photon, the matrix elements directl42]. 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

p(X)~ —. (20 hard Pomeron grapthard gluon-gluon scatterings shown
VX(1=X) in Fig. 4(c). This method is also applied to the direct photon
interactions.
For multiple interaction events, the sea quark momenta are The chains are fragmented using the fragmentation code
sampled from a JETSET7.3[14].

Note that due to this construction, the model predictions
have only a weak dependence on the transverse momentum

p(X)~ X (2 cutoff chosen to distinguish between soft and hard interac-
tions. Decreasing the value of the cutoff leads to an increase

distribution. Note that as a result of energy-momentum con-
servation, this distribution is influenced by thelistributions

of the valence partons and asymmetric multiple interaction 1000 L oY VE=200GeY
effects(for example, in photon-proton scatter)n@ his will
be discussed in detail elsewhgrEl]. The transverse mo- 100 PO ]

menta of the soft partons are sampled from the distribution

O N exti—pp,) (22
~expl— .
deL ﬂpi b
_ Ed%s
The energy-dependent slope paramgtas calculated from By o1}

the requirement to have a smooth transition between the (*mh/Gev?)
transverse momentum distributions of the soft constituents
and the hard scattered partons.

For diffraction dissociation or double-Pomeron scattering,
the parton configurations are generated using the same ideas
described above applied to Pomeron-photon, hadron, or
Pomeron scattering processes. Hence, a diffractive triple- or
loop-Pomeron cut can involve hard scattering subprocesses,
resulting in a rapidity gap event with jets. According to the
kinematics of the triple- or loop-Pomeron graphs, the mass p. (GeV/e)
of the diffractively dissociating systems is sampled from a
Y réa”)(o) distribution. The momentum transfer in diffraction  FiG. 5. Comparison of transverse momentum distributions of

is obtained from an exponential distribution with mass-charged hadrons with collider data #=200 GeV[44]. The cal-
dependent slopesee Ref[9]). For the parton distributions of culation uses the dual parton model coueJIET

10—2 -

10—3 [
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pp—>C+X Vs =200 Ge
T T

T T T T

5 ' pp— T X, Prap = 200, 175 GeV
T

100 T T

PHOJET 200 GeV &+ ]
4.5 UA5 ine. Fe— Kafka et al. 205 GeV 10— 1

PHOJET 1.04 — Brenner et al. 175 GeV re— 1

do a1

z
Flzpa 1L 4&@4@ 4

(mb} g
i

—6 —4 -2 0 2 4 6 0.01 L L : '
0 0.2 0.4 0.6 0.8 1
n

Feynman  TFjab

FIG. 6. Pseudorapidity distributions of charged hadrons pro- FIG. 7. Comparison of Feynmag distributions ofr* mesons
duced inp-p collisions as calculated withHoJeTare compared to  produced in proton-proton collisions at 205 and 175 GeV. The ex-
collider data from the UA-5 Collaboratiofd5] for the energy perimental data are from Kafket al.[74] and from Brenneet al.
Js=200 GeV. [75]. The data from both experiments agree rather well with each

other. The calculation uses the dual parton mauhlJET
of the interactions which are classified as hard scatterings.
However, since the soft parameters are fitted to the experfrom collider experiment§44,45. The rise of the plateau
mentally measured cross sections, the coupling constants @fith the collision energy is understood within the model by
the soft part of the Pomeron depend also on the transversshe of its most important ingredients: The production of
momentum cutoff, compensating the increase of the harghultiple soft interactions and multiple hard interactions
part of the Pomeron. This results in an almost cutoff-(minijets) rises with energy. The transverse momentum dis-
independent Born cross section of the Pomeron. Finally, th&ibutions as measured at collider energies show in addition
constraint to have a smooth transition in the transverse mao the soft, exponentially damped, lgw- component of
mentum distributions of the soft and hard partons removesadron production the rise of the perturbative hard compo-
the ambiguity introduced in the model by the transverse monent with increasing energy. This becomes more and more

mentum cutoff. important with rising energy for minimum-bias hadron pro-
duction.
Ill. HADRON-HADRON AND PHOTON-HADRON Discussing the changes in hadron production with rising
COLLISIONS WITH PHOJET energy, we should indicate theatiOJETIN its present version

Had duction in had had lisi has b should not be applied for hadron-hadron, photon-hadron, or
adron production In hadron-hadron collisions has eerE)hoton—photon collisions at collision energies beyond

extensively studied within the two-component dual parton g
model usizg thepTUIET model [2.8] in p-g and p-p coI[I)i- Js=1to 2 TeV.PH_o_qETuses so far an energy_—lndependent
sions and using thePMJET-II model[43] in hadron-hadron p. cutoff for the mmugts. I was dergonst.ra'.[ed[&] that fqr
hadron-nucleus, and nucleus-nucleus collisions Hadron’prcfZarton structure functions with axt/® or similar singularity
o ’ . . . L .of the sea-quark and gluon distributions, this might lead to
duction in photon-hadron collisions is being studied in detail hysical effects aboves — 2 TeV. O ibl f
using thepHOJETmodel by Enge[10,11). We present here unphysical eliects aboves = < 1€V. Nne possibie way o
only a few comparisons oPHOJET results with hadron- how to apply a model with minijets n the TeV energy region
hadron and photon-hadron data in order to illustrate, that th8f future proton-prgtgn supercolllderilntro.ducmg an
energy-dependent minijgt, cutoff) has been implemented

model as formulated irHOJETIis very well able to describe . 93181, Thi Id also be d ; but i
these channels. This is certainly required if we want to appl n DTUJET-93 [8]. This could also be done iPHOJET but is
not necessary presently; photon-hadron or photon-photon

the model to photon-photon reactions, where nearly no ex- lisi i i-Tev t10 be f
perimental data are available. For photon-photon collision§°!'S10ns In the multi-TeV energy range seem not {o be tore-

we have to rely on the predictive power of the model. seen fqr the near future. .
y P P In Figs. 7 and 8 we compatmHoJETcalculations to data

on longitudinal distributions in the fragmentation region us-
ing the Feynman scaling variabkg . Feynmarnxg distribu-

In Figs. 5 and 6 we compare the transverse momenturtions have so far only been measured at fixed target energies,
distributions and pseudorapidity distributions with the resultsat laboratory energies well below 1 TeV. It has been shown

A. Hadron-hadron collisions
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p+tp— T +X, Diap = 400, 360 GeV
T

100 Seagull effect: p+p— h™+X, 360 GeV
T T T T

7 3 1 T T
PHOJET 400 GeV &~ ]
Aguilar-Benitez et al. 400 GeV @ EH%I:IOé]]E;g ﬁ
Bailly et al. 360 GeV re— 1

‘55% 08k
10 3

N
] 4}4} % 4

do o My Mf} |

AT I - aht

g 1 |

o

1

0.01 ' ' : : 0 . . . .
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
Feynman T Feynman XIp
FIG. 8. Comparison of Feynma distributions ofm~ mesons FIG. 9. Comparison of the seagull effect in the reaction

produced in proton-proton collisions at 400 and 360 GeV. The eXp+p—h~+X at 360 GeV. The data are from the EHS-RCBC Col-

perimental data are from the Aguilar-Benitezal. [76] and from  |aporation [46]. The calculation uses the dual parton model
the EHS-RCBC Collaboratiofi77]. The data from both experi- ppojeT

ments agree rather well with each other; in fact, most of the data
points of[77] are below th¢76] data. The calculation uses the dual
parton modePHOJET

) w—=X, 00<zp<l10
elsewherd43] that the dual parton model shows outside the Wr——T 7 1 7 T 1

central region(rise of plateay and the very forward frag-
mentation regioniwhere the diffractive component is domi-

nating a very good Feynman scaling behavior. 108 PHOJET 1.04 —
The seagull effect, where one plots the average transverse OMEGA Coll. &

momentum(p, ) as a function of Feynmax:-, demonstrates

clearly that the distributions in transverse momentum and 105 F

longitudinal momentum are correlated in a nontrivial way.
There is no factorization between the transverse momentum

and longitudinal momentum distributions, as is often as- do 10tk
sumed in oversimplified models of hadron production. In dpy
Fig. 9 we compare the seagull effect calculated witoJET b
to data measured ip,,,=360 GeVt proton-proton colli- (GeV/c) 108 |
sions[46].

B. Photon-hadron collisions 02t

The model for photon-hadron collisions is studied in full
detail by Engel[11]. Here we present only some of this
material in order to make the present paper self-contained. 10 ¢

In Fig. 10 we compare the transverse momentum distri-
bution of charged hadrons calculated withHOJET for

photon-proton collisions with the photon laboratory energy 10 05 1 15 2 95 3 35 4
E,=140 GeV with data from the OMEGA Collaboration ’ ’ ’ ’
[47]. The data were obtained with a tagged photon beam in pr (GeV/c)

the energy band 110-170 GeV. The agreement of both dis-

tributions is excellent; at the largept we see already the FIG. 10. Comparison of the transverse momentum distribution
influence of direct and resolved hard collisions. of charged hadrons with®x:<1 as calculated witRHoJETat the

In Figs. 11 and 12 we compareioJETresults with data  average photon energy of 140 GeV with data. The data are from the
from the HERA electron-proton collid¢r8]. In Fig. 11 we  OMEGA Collaboration[47] measured with a tagged photon beam
find a very good agreement with the transverse momenturim the energy band 110-170 GeV.



54 HADRONIC PHOTON-PHOTON INTERACTIONS AT HIG . . . 4251

T T T T T T /S = 200 GeV
10000 - E 1000 T T 7
PHOJET —

H1 data r— PP o
100 | VP e—t _

1000 F . e Y e
10 F 2 9

100 -
1k 2 -
9.
do 2rdN é.
dndpr,  10F E pidpi o4l * ]
( nb ) (C;E\//C)_2 9*.
Gevie?) || i 0.01 F 9*‘. g
o™ ®

0.001 *
o1y J_L__j; ] - CD@ ii;.'..!
L L i
0.0001 %f% %%ii

0.01 | -1 ?ﬁ

oo oW e T By

1 2 3 45 6 78 0 5 10
pL (GeV/e) pr (GeV/e)

FIG. 11. Comparison of the transverse momentum distribution F|G. 13. We compare at the collision energg=200 GeV the
of charged hadrons produced by quasireal photons in electroRransverse momentum distribution in invariant form for all charged
proton collisions at HERA48] with the PHOJET calculation[10]. hadrons produced in proton-proton, photon-proton, and photon-
The data and the calculation are in the pseudorapidity regiophoton collisions. The calculation was done witoJETfor inelas-
—15=7<15. tic collisions, excluding in photon-proton collisions thfep and in
photon-photon collisions th¥-V diffractive production of vector

distribution of charged hadrons. If we compare to proton-mesonsvzp , and .

proton collisions(Fig. 5 we observe that the influence of
hard collisions in photon-proton collisions is more prominent IV. COMPARISON OF MINIMUM-BIAS HADRON

than in proton-proton collisions. In Fig. 12 we find a good PRODUCTION IN HADRON-HADRON,

agreement of the inclusive charged hadron production cross PHOTON-HADRON, AND PHOTON-PHOTON

section as function of the pseudorapidity. We stress that the COLLISIONS

data as well as the model show a flat pseudorapidity distri- ) ) L .
bution. In this section we compare the model predictions for in-

elastic hadron production in proton-proton, photon-proton,
and photon-photon collisions at fixed c.m.s. energiss
This is the usual way to present data on hadron-hadron col-
lisions at colliders or in fixed target experiments. Collisions

140 T T T T T

120 - Hi data re— of quasireal photons with protons at electron-proton colliders
PHOJET 1.04 — and photon-photon collisions at electron-positron colliders

are not at fixed photon-proton or photon-photon energy. We

100 + 1 will discuss photon-photon collisions at electron-positron

colliders in the next section. If we consider the three reaction
channels at fixed energy, we do so only in order to find the

do 8o | characteristic differences and similarities between the three
dn { { types of collisions. Since elastic hadron-hadron collisions
(nb) 60 { . | usually are excluded studying inclusive secondary distribu-
' i \_]_—7 tions, again, in order to find the similarities, we also exclude
in the reactions with photons the corresponding quasielastic

10+ - diffractive channel, i.e.y+y—V+V (V=p,w,d), but we

include all the other diffractive processes.

We start with the distribution, where the three channels
differ most strongly, the transverse momentum distribution
dN/p,dp, ; see Fig. 13. The difference is striking. As first
0 . , , , ‘ discussed by Schuler and"Sfrand[12,13, the fraction of

~1.5 -1 -0.5 0 0.5 1 15 hard interactions in minimum bias interactions rises from
i proton-proton collisions over photon-proton collisions to
photon-photon collisions. The reason for this is the direct

FIG. 12. Comparison of the inclusive pseudorapidity cross secphoton interaction and the fact that the photon structure func-
tion of charged hadrons produced by quasireal photons in electrortion is considerably harder than the proton structure function.
proton collisions at HERA48] with the PHOJET calculation[10]. In photon-photon collisions it is easy to observe already with
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TABLE I. Comparison of average quantities characterizing had- /5 = 200 GeV
ron production in nondiffractivep-p, y-p, and y-y collisions at 10 ' ' ' ' ' ' l ' l
c.m.s. energies between 10 and 200 GeV. The energies are given in
GeV and average transverse momenta are given in &eV/
Vs Quantity p-p y-p Y-y g%g
" s 8
10 Niot 11.2 11.1 11.7 b §§ 2 o
10 Nen 6.65 6.53 6.86 555 gggs
10 N, 217 2.44 2.88 z, 47 ’§§§ *%,
10 Ny 0.027 0.063 0.11 ’ ot ggz%
10 (Prondeonsy 039 0.38 0.42 o %,
10 (p, )om 0.32 0.33 0.36 * %;' %
10 (P )5 0.41 0.43 0.47 o1 "3ie ®§@@°’—
10 (Meott ch 1.16 1.19 1.22 L
10 (N ) minijets 0 0.00004 0.0020 ¢ i
20 Neot 16.4 16.6 17.1 : ?
20 Neh 9.64 9.71 10.00
20 n,- 3.44 3.78 4.18 oo §
20 n? 0.086 0.14 0.20 -1 —08 —-06 -04 -02 ¢ 02 04 06 08 1
20 (P chdeentr » 0.37 0.38 0.44 Lr
20 LIDES 032 0.34 038 FIG. 14. We compare at the collision energg=200 GeV the
20 (PL)p 0.42 0.45 0.52 X, distribution in invariant form for all charged hadrons produced in
20 (N )soft ch 1.26 1.33 131 proton-proton, photon-proton, and photon-photon collisions. The
20 (N ) minijets 0.0003 0.0025 0.028 calculation was done withHoJeTfor inelastic collisions, excluding
in photon-proton collisions th€-p and in photon-photon collisions

50 Moot 24.8 26.5 26.9 thep V-V digractive contributionsr.) P P
50 Nen 14.5 15.5 15.6
50 n,- 5.49 6.19 6.53
50 - 0.21 0.27 034 p-p over y-p to y-y. In Table | we give also the number of
50 (P cteent » 0.38 0.40 0.46 soft Pomerons(n ) cn, and the number of hard Pomerons,
50 TR 0.33 0.35 0.40 (N ) minijets contr.|but|ng in average to thg hadro_nlc final state.
50 (P )y 0.44 0.47 0.57 The numbers given are obtained afte_r kinematical corrections
50 (Mot e 150 1.68 144 dge to energy-momentum conse'rvatlon, not the numbers ob-
50 (Mo 0.0096 0.035 017 tained fror_n the unitarization st_e(pi turns out, especially at

Jets low energies, that for kinematical reasons not all sampled
200 Niot 40.1 46.2 47.5 Pomeron cuts can be generated in the Monte Carlo simula-
200 Neh 23.3 26.9 27.6 tion). At low energy, where the number of minijets is very
200 n,- 9.16 10.94 11.46 small, we find the number of cut soft Pomerons to be the
200 Ny 0.46 0.59 0.67 same in all three channels. The number of cut hard Pomerons
200 (P ehYeonts 0.40 0.42 0.48 rises at all energies fromp-p over y-p to y-y. We see also
200 (p, ) 0.35 0.38 0.42 that the numbers of cut soft and cut hard Pomerons are cor-
200 (P )s 0.47 0.53 0.64 related, and at high energies the number of cut soft Pomerons
200 (Neotten 1.59 1.87 1.29 decrea;es frorp-p over y-p to Yy o
200 (M) miniets 017 036 101 In Fig. 14 we compare the longitudinal momentum distri-

butions in the form ofx,dN/dx, for the three channels.
xr=(p”/|p”|)2E/\/§ is the so-called radial scaling variable,

moderate statistics hadrons with transverse momenta close ¥ery similar to the Feynman variabbqt=2pH/\/§. Signifi-
the kinematic limit. cant differences between the three channels are only found in
However, these differences in the hard scattering do nothe region neax, = 1 or —1. The reason is the single
strongly influence such average properties of the collision adiffractive component, which in thp-p and y-p case leads
average multiplicities or even average transverse momentto the diffractive protons, which are obviously missing in
This can be seen from Table |, where we collect some avery-vy collisions.
age quantities characterizing nondiffractive proton-proton, In Fig. 15 we compare the seagull effect in the three chan-
proton-photon, and photon-photon collisions at c.m.s. enemels. We find that as a result of the direct processes in
gies between 10 and 200 GeV. The total and charged multihoton-photon collisions, the rise ¢f, ) with rising Feyn-
plicities at all energies are rather near to each other in allnanxg is more prominent in photon-photon collisions than
channels. Probably the differences in the multiplicities ofin proton-proton collisions. In photon-proton interactions we
hadrons such as~ andp are more significant; we find them find in the proton fragmentation region agreement with the
at all energies rising fronp-p over y-p to y-y collisions.  p-p collision, and in the photon fragmentation region, agree-
Also the average transverse momenta rise as expected froment with photon-photon collisions.
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FIG. 15. We compare at the collision energg=200 GeV the

function of the Feynmamx, variable (seagull effedt The calcula-
tion was done withPHOJET for inelastic collisions, excluding in

~ FIG. 16. We compare at the collision energi¢s=20 GeV and
average transverse momentum of charged hadrons produced #m0 GeV the distribution of the transverse enefigyas function of
proton-proton, photon-proton, and photon-photon collisions ashe pseudorapidity; for proton-proton, photon-proton, and photon-

photon collisions. The calculation was done wathoJeTtfor inelas-
tic collisions, excluding in photon-proton collisions thfep and in

photon-proton collisions th&-p and in photon-photon collisions photon-photon collisions the-V diffractive contributions.

the V-V diffractive contributions.

In Fig. 16 we plot the transverse energy distribution
dE, /d». Roughly, these distributions should be equivalent
to the pseudorapidity distributiodN/d» multiplied by the

average transverse energy per particle. We observe charac-

teristic differences, which can be understood from the fea-
tures already discussed. At high energies we find the trans-

verse energy distribution to be wider in photon-photon
collisions than in proton-proton collisions. For instance, at
200 GeV we find the full width at half maximurtFWHM)
of the curves rising fronp-p over yp to y-v (7.60, 7.82, and
7.95 pseudorapidity unitssimilar at 1000 Ge\(9.50, 10.10,
and 10.6 pseudorapidity unjtsAt low energies, the situation
is less clear, at 20 GeV, the FWHM is smallest fory
collisions. The transverse energy distribution rises atzall
from p-p over y-p to y-y. For y-p the distribution agrees
backwards withp-p and forwards withy-y.

For p-p or p-p collisions the transverse energy distribu-
tion at =0 is known from Intersecting Storage RindSR)

experiments and experiments at the CERN collider. The val-

ues calculated witlPHOJET agree well with these measure-
ments. At the DESYep collider HERA it was found that
practically the same transverse energyyat O is found as
in p-p interactions and in collisions of real or virtual photons
with protons[49]. This observation agrees well with our re-
sults in Fig. 16.

Finally in Fig. 17 we plot the transverse energy distribu-
tions dNje;/dE, j; Of jets found in the Monte Carlo events

(GeVT1)
0.001

104

107°

V'S = 200 GeV

jet cross section

5 10

15
(GeV)

25
EJ_jet

FIG. 17. We compare at the collision energg=200 GeV the

from PHOJET The jets are searched on the hadron level Usingransverse energy distribution for hadronic jéigentified using a

a cone-jet-finding algorithm with the cone radius jet-finding algorithm produced in proton-proton, photon-proton,
R= (A 7)%2+(A¢)%2=1. We find, again, that higk, jecjets  and photon-photon collisions. The calculaton was done with
are more prominent iry-y collisions. PHOJET
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vy = X /5 =10,20, 50 Gev

ton structure function and to which soft spectator jets con-
tribute. In Figs. 18 and 19, the predictions on the transverse

3 -
energy flow vs pseudorapidity, the transverse momentum
PHOJET 10 GeV distribution and the pseudorapidity distribution of charged
PYTHIA 10 GeV -+ : : . L
251 a) PHOJET 20 GeV particles are shown._ T_he differences in the pre(_1|ct|ons of
5&3?&% gg gex both models—and this is true for all three comparisons—are
5| PYTHIA 50 GOV —-- - | not negligibl_e, but stiI.I reasonab_ly small. These differences
reflect certainly the differences in the methods to construct
dE, the soft part of the hadronic events.
oty
dn 15 -
(GeV) V. HADRON AND JET PRODUCTION
1L | IN PHOTON-PHOTON COLLISIONS AT PRESENT
AND FUTURE ELECTRON-POSITRON COLLIDERS
05 L | A. Photon flux calculation
1. Bremsstrahlung
0 The flux of weakly virtual photons is calculated taking
PHOJET 10 GeV — into account only transversely polarized photons. Within this
35F b) PYTHIA 10 GeV +--- approximation thee p—eX photoproduction cross section is
PHOJET 20 GeV — ; b
PYTHIA 20 GeV - - - given by
3t PHOJET 50 GeV —
PYTHIA 50 GeV -+ - doep
25 - —1 dy sz :f’)/,e(yapz)o-'yp(sa Pz)v (23)
dN, '
2 1 with
L5 7 em [1+(1—y)? 1
2
fy,e(Y-Pz): 2’7TP2 y _Zmeysf . (24)
1 - —
Here,y and P?=—p? denote the energy fraction taken by
0.5 - Y ; L
the photon from the electron and the photon virtuality.is
0 the electron mass. Neglecting the dependence of+the

cross section oP? in Eq. (23), the well-known equivalent
photon approximatiof26] is obtained:

FIG. 18. Comparison oPYTHIA and PHOJET predictions on(a) > Oem
the transverse energy flow vs pseudorapidify; /d7 and (b) the fy,e(y!P )= on
pseudorapidity distributiomN.,/d# of charged particles in non-
single diffractive events.

1+<1—y>2I Phax

y I"Iszin
1 13~)

In the photon-photon reaction and at high enough energy, Prznin P%
where such models work reliably ip-p collisions, there is _ ) .
not enough information from experiments on inclusive had--0r €xample, taking the kinematic limfRZ,in kin @S the lowest
ron distributions and jet production cross sections. Thereforg?hoton virtuality allowed,
it might be interesting to compare the predictions from com-
pletely independent models with each other; this could be
considered as a way to estimate the systematic uncertainties
of the models. TheeyTHIA model is a suitable model to
compare our results with. Such comparisons were alreadipis simplifies to
presented for the energy region of the CERNe™ collider )
LEP 2 in[50]. Here, we compare inclusive hadron produc- (y)= @em(1+(1-y)” (1-y) ,  2(1-y)
tion in nonsingle diffractive photon-photon collisions with »e 27 y ‘miy? M y '
Js=10, 20, and 50 GeV. A comparison of the predictions on (27
jet distribution at LEP-II is given in the following section. ) o )
The two models differ in the photon structure functions used AN expression similar to Eq.(23) is used for
[PHOJET Uses the GRV leading ordé€LO) photon structure ge—>ee+x scattering involving photons with small virtuali-
function [19]; PYTHIA uses the Schuler-Strand(SS 1D  ties:
photon structure functiofb1]]. Furthermore, the methods to o2
construct the underlying soft hadronic event are completely Oep _ 2 2 2 p2
different in both models. Therefore we might expect the larg- dy;dP7dy,dP5 Fre(y1:POTeY2,P2) 0,8, P, P2).
est differences in resolved events, which depend on the pho- (28

—2m2y . (25)

2.2
mgy
Prznin,kin:_liy ) (26)
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vy —= X V3 =10, 20, 50 GeV 3. Photon emission by laser backscattering
' ' ' ' P'HOJET' 10 Ge\', _ Depending on the polarization of the laser light, various
1000 | PYTHIA 10 GeV - - - o photon spectra can be produdédt—56. Here we consider
? P o e T only the case of unpolarized laser radiation. Furthermore, we
100 b PHOJET 50 GeV — | assume that the laser frequency is chosen to be below the
[ PYTHIA 50 GeV -+~ pair-creation threshold at the optimal value given[&6].
- Then, the spectrum of backscattered photons can be written
10 F as
L S | 05443+ 2.1%/2— 2.63/+ 1.09
prdpy i f;‘sée y)= > ©(0.828-y).
(GeV™?2) ’ (1-y)
0.1F (33
001k B. Comparison with data on jet production
in photon-photon collisions ate*e™ colliders
0.001 Data on hadron and jet production in collisions of quasi-
real photons have been reported by several experiments; see,
0.0001 for instance,[57-63. A compilation of available data is
o given in[64]. Not all of these data are suitable to be com-

pared with theoretical models without first performing a full
detector simulation; for example, this is certainly the case for
FIG. 19. Comparison oPYTHIA and PHOJET predictions on the the data fron{57-59, which are not acceptance corrected.

transverse momentum distributi@Nc,/dp, of charged particles In this respect the cleanest, full acceptance-corrected data

in nonsingle diffractive events. seem to be the jet transverse momentum distributions pub-
lished by the TOPAZ and AMY Collaborationf62,63.

2. Beamstrahlung These data were already compared to next-to-leading-order

In the case of Gaussian beams, the effective beamstraHRCD calculations by Aurenchet al.[30] and by Kleinwort
ung spectrum has been estimated by Céieal.[52,53. The ~ and Kramer65].
dependence of this spectrum on the particle-bunch param- In Fig. 20 and we compareHoJETresults calculated us-

eters can be expressed by the beamstrahlung parahieter ing the GRV LO photon structure functiofi9] with the
TOPAZ single-jet and two-jet transverse momentum distri-

5r§E N, butions[62]. The TOPAZ antitag conditions and kinematical
(29 cuts were applied to theHoJETevents. The jets are searched
from the Monte Carlo events on the hadron level using a
Here,E denotes the beam energdy, is the number of elec- cone_-jet-finding alg(_)rithm W_ith cone raditliSzl._The Cross
sections for these jets, which should approximately corre-

trons or positrons in a buncly, and gy are the transverse spond to the jets identified in the experiment, are compared
bunch dimensions, ang=2.818< 10™ > mm is the classical . . ’ .
m to the data. To illustrate the difference of these jet cross

electron radius. The beamstrahlung spectrum is approxi-_ . ¢ (
mated by[53]Iu HNg SPECtriMm 1S aPPIOXe tions to the cross sections treating each hard parton

(p. >3 GeVk) as a single jet, we include in the figures also
1/3 the nonfragmented parton cross sections. Both curves from
y 2(1—y) Y w1y the model differ considerably. The reason is the contribution
of the underlying event to thp, ;. of the analyzed jets and
the finite width of the hadonic jets. In some cases, the under-
(1_e—N;'9<y>)] lying event shifts the jet to larger pseudorapidities and there-
fore often out of the rapidity range of the data. Clearly, we
” should discuss the comparison of the data with the jet cross

Y

Bagmo (ot oy)me’

bea -
R VETE

{l—W
X1 — 1
a(y)

TGN,

(30 section found for the searched jets. The agreement is, how-
ever, not perfect; the model is below the data for the calcu-
lation using the GRV LO photon structure functif®]. It is

with interesting that the calculation of Kleinwort and Kramer

[65], which uses the same GRV photon structure functions,

Iy =1- 21—y 1—y+(1+y)V1+YZ?, (3D shows the same disagreement to the single-jet data as found
2 ’ using PHOJETIN Fig. 20.

k=2/(3Y), andw=1/(6 ). The average number of pho- The antitag cpndition of the AMY Q%I%I?.boratidrm] al-
tons,N.,, emitted per electron is given by lows photc_Jns with rather Iarg_e virtualiti 5, therefore, not
only quasireal photons contribute to this data. We have to
expect a less perfect agreement with a model for quasireal
— _ (32) photon-photon collisions. This antitag condition also makes
To2rE (14Y?R the data from the two experiments nonequivalent. In Fig. 21

+w| 1 11 -N
W—N—(—e 7)

¥

B 5a(2§mUZme Y
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100 ¢ 1 TOPAZ = 1 PHOJET GRVA;ZI;}/. o

o RV o
100 ¢

10
do do 10 F
dpJ_,jet dpJ_’jet
(c pb/GeV) (c pb/GeV)
1r 1k
01 [ 1 1 1 1 01 L 1 L 1 1
2 3 4 5 6 7 8 2 3 4 5 6 7 8
Prjee  (GeV/e) Pijec  (GeV/c)

FIG. 20. Comparison of single-jgupper curvesand two-jet FIG. 21. Comparison of single-jetipper curvesand two-jet
(lower curve$ cross sections from the TOPAZ Collaboratiggg] ~ (lower curveg cross sections from the AMY Collaboratidi63]
with PHOJET results. PHOJET uses the GRV LO photon structure With PHOJET results. PHOJET uses the GRV LO photon structure
function[19]. We give frompHoJETthe cross section corresponding function[19]. We give frompHoJETthe cross section corresponding
to jets found using a jet-finding algorithtthese are the ones to be 10 jets found using a jet-finding algorith(these are the ones to be
compared to the dataand in addition the cross sections on the compared to the datsand in addition the cross sections on the
parton level, without hadronization of the jets. parton level, without hadronization of the jets.

we compare theHOJETresults, again treated with the antitag  of course, in the case of a linear collider we will always
condition and kinematical cuts of the experiment, with thepaye to consider for background problems the superposition

single- and two-jet data of the AMY Collaboratigf3]. In ¢ the heamstrahlung spectrum and the bremsstrahlung spec-
fact, we find like Kleinwort and Krame65] a reasonable

agreementat least not worse than that to the TOPAZ data
to the AMY data. Similar results have been reported by
Drees and Godbolgs6] using a leading-order QCD calcula-

. . photon
tion with several photon PDF’s. .

flux, TESLA /s = 500 GeV

T T T T T T

100 T

bremsst. — |
beamst. — 1
b-laser ---- |

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

Two-photon physics at future*e™ colliders has been
discussed by several authors; for example,[6&¢53. These
studies are mainly restricted to processes involving large mo-
mentum transfers. Here, we consider minimum-bias distribu-
tions which may be important for background estimations dn,
and detector design. dy !

There are at present several projects for electron-positron
linear colliders under active study. Here we pick out for our
calculations only one of these projects, the TeV Energy Su-
perconducting Linear CollideTESLA). Details about the
most recent TESLA project were given by Brinkmal@8].

Using the formulas discussed in the last subsection we
plot in Fig. 22 the photon spectra according to the equivalent
photon approximation, the beamstrahlung spectrum using the
bunch parametef$8] as given in the caption of Fig. 22, and
a backscattered laser spectrum. The photon virtuality was
restricted toP?<0.01 Ge\?/c2. In Table Il we give the av-

erage photon-photon energies and the cross sectiopsin FIG. 22. Photon fluxes at @s=500 GeV linear collider TESLA

for the three photon spectra and two energies. From Fig. 2fg). Given are the bremsstrahlung spectrum, the beamstrahlung
and Table Il we see that the beamstrahlung spectrum of thépectrum using the bunch parametiigs=1.8x 10'°, ¢, =598 nm,
TESLA project is the softest of the three photon spectra and,=6.5 nm, ando,=0.5 mm([68], and a backscattered laser spec-
the backscattered laser spectrum is the hardest. trum.




54 HADRONIC PHOTON-PHOTON INTERACTIONS AT HIG . . . 4257

TABLE II. Average photon-photon energies aede™ cross TESLA /3 = 500,1000 Gev
section inub for the three photon spectra and two linear collider 100 ' ‘ ' ' 'Bremss'm spec'“um 1(;00 Gev' o 1
energies. The energies are given in GeV. Beamst. spectrum 1000 GeV v |
B. Laser spectrum 1000 GeV 1@—
Bremsstr. spectrum 500 GeV ro— 7
VSere- Photon spectrum s, Weight (ub) or B Laver spectrum 300 Gy 1ot
500 Bremsst. 50 0.0067
500 Beamst. 16.7 0.038 L B ertttttttrtee ]
500 B.Laser 252 0.47 ..‘,-" ”-,‘..
1000 Bremsst. 105 0.0075 .°.’ '.’.
1000 Beamst. 41 0.026 dE 01f .o .e E
1000 B.Laser 509 0.59 Ud—nL .o . o, .o
w*. %
* *
T .
A reasonable lowest energy for collisions to be sampled L A A v
using PHOJETS \/s,,=5 GeV (PHOJETwould, however, run e & L,
without problems even down tQEw:Z GeV). For all ap- 0.001 | 9:‘** "eze 1
plications in this and the following subsection we always cut e - :g * x gee =0
the photon spectra at smallin such a way that this lower- oe o Xeo =
energy cutoff is respected. 0.0001 | o . *
In Figs. 23 and 24 we plot the cross sectiardE, /d7 .t % x L% oy
for the transverse energy as function of pseudorapidity and s ®ax x.e .
do/dn for the charged hadron production as function of le—o05 &1 o | . . ) . ; . )
pseudorapidity. It is clearly visible that the backscattered la- - -8 -6 -4 -2 0 2 4 6 8 1
ser spectrum is rather hard and has the highest weight. The Pseudorapidity Ui

beamstrahlung spectrum and the bremsstrahlung spectrum
are rather comparable; the former has the higher weight, and FIG. 23. Cross section weighted transverse energy distributions
the latter is the harder of these two. odE, /dy measured inub GeV at they/s=500 and 1000 GeV

The same differences between the three photon spect@ESLA linear colliders[68]. Given are the distributions for the
are visible in the cross sectiodsr/dp, for charged hadron bremsstrahlung photon spectrum, the beamstrahlung spectrum, and
production as function of the transverse momentum in Figa backscattered laser spectrum.

25 for the 500 GeV TESLA collider.
The single-resolved contribution within the acceptance re-

D. Hadron and jet production in photon-photon collisions gion is surprisingly small. At smallE,;, the double-

at the LEP-II electron-positron collider resolved contribution dominates; at large jo;, the direct
. . . contribution dominates.

We use throughout this section an electron—pqsnron en- one problem, which can only be studied with a model
ergy of ys=175 GeV for phase Il of the LEP collider. Of ¢ormylated as an event generator, is the difference between
course, here we have only to consider the bremsstrahlungis as calculated from the theory on the parton level and the
spectrum. Assuming antitagging of the scattered electrongs optained from a jet-finding algorithm from the hadronic
and positrons we'restrlct the scattering angle_of the ogtgomgvems_ There are essentially two effedis: In a detector
electron and positron t@n,<40 mrad. This is a realistic \yith a limited acceptance region one gets a difference due to
antitagging condition which can be achieved with the lumi-ne finite width of the hadronized jetgi) If the jets are
nosity detectors at LEP. Since we are interested in jets, Onliéroduced above a soft hadronic background, then this back-
events with s,,>10 GeV are considered. The averageground will contribute randomly to the jets, increasing their
photon-photon energy at LEP-II with the given electron-transverse energy or increasing even the number of jets.
positron energy will ba/s,.,~27 GeV. The virtualityP? of In Fig. 27 we study this problem separately for direct,
the photons will be aboutP?)~0.1 Ge\?. In Table Il we  single-resolved, and double-resolved jet events. The leading-
compare some average properties of the LEP-II photongrder parton model cross section, taking each parton as a jet,
photon collisions  with  photon-photon  collisions  at is compared with the predictions of the full model, including
\/§w=25 GeV. We find that the average properties are ratheinitial and final state radiation and hadronization. The jet
well represented by photon-photon collisions \1577=25 cross section of direct jets on hadron level is decreased
GeV. against the ones on parton level. There is no underlying soft

In the following we consider a calorimeter detector with hadronic background in these events; the reduction is due to
the pseudorapidity coverage|<2.1. Applying a jet finding the width of the jets together with the limited jet cone used
algorithm to this detector we can identify jets in the pseudofor the jet search and the limited detector acceptance. In the
rapidity range| njet|s1.1. For the jets we use generally a model, the jet width is determined by final state radiation and
lower jet transverse energy cutdf, ;=5 GeV. hadronization. In the case of double-resolved jet events, the

In Fig. 26 we show the jet transverse energy distributionopposite behavior is found. Double-resolved events are char-
in the acceptance region given above together with its deacterized by the largest soft hadronic background of the three
composition into the different hard interaction mechanismsinteraction types considered here. This background together



4258

TESLA

R. ENGEL AND J. RANFT

/s = 500, 1000 GeV

100

10000

charged particles, TESLA 500 GeV ete”

T T T T T T T T T ] T T T T
Bremsstr. spectrum 1000 GeV w©— |
Beamstr. spectrum 1000GeV tk—
B. Laser spectrum 1000 GeV @— bremsstrahlung —
Bremsstr. spectrum 500 GeV re—i ]| beamstrahlung —
10 - Beamstr. spectrum 500 GeV #— _| 1000 backscatterd laser * -« ]
B. Laser spectrum 500 Gev re—
000000099 000000,, 1
1k ..’:......'QQ’.'.'..:... i 00
.o o° e, .
* L d
.o . o ®
[ ]
[ 0. .. 'Y ] 10
L [ [ 4
d 0.1 * . 1 do
do °- R0 o dpr
7] P ** ** .o 1E
(1ub) . o¥_opeoossscoses, ¥, e | (Gn\}; )
0.01 - * *xeeeeeeeeeeeeeeeeeex* i eV/c
® = ée M e .5 |
&® e ° éé e
%" S 0.1
e e 0 6 © e
. 6*§ );*G s 8
0.001 - OxR R*S ]
| K] @*: g*e [} L 0.01
[} @i; e [}
0.0001 ° 2o
. o & 2 e } 0.001
» B o
£ i,
le — 05 D5 I I I ) I I I *LT 0.0001
-10 -8 -6 -4 -2 0 2 4 6 8 10 0
Pseudorapidity n p. (GeV/c)

FIG. 24. Pseudorapidity cross sectiods/d», measured in FIG. 25. Transverse momentum cross sectidngdp, at the
wb per pseudorapidity unit, at thés=500 and 1000 GeV TESLA Js=500 GeV TESLA linear collidef68]. Given are the distribu-
linear colliders[68]. Given are the distributions for the bremsstrah- tions for the bremsstrahlung photon spectrum, the beamstrahlung
lung spectrum, the beamstrahlung spectrum, and a backscatteregectrum, and a backscattered laser spectrum. Please note that the
laser spectrum. p, distributions for the bremsstrahlung spectrum and the beam-

strahlung spectrum cross. At lopy the beamstrahlung dominates,

with effects of initial state radiation and multiple interactions at highp, the bremsstrahlung spectrum dominates.
leads to a significant increase of the hadronic jet cross sec-
tion against the partonic one. For single-resolved jets the sofind pyTHIA. To avoid any bias due to different photon flux
background is less than for the double-resolved ones; alsgpproximations, the events have been generated with the
the contribution due to initial state radiation is smaller. Wephoton flux function(24) as implemented ifPHOJET how-
find that in this case the effects compensate approximatelgver usingpyTHIA (with default parameter settingor the
and the jet cross sections on hadron and parton levels agmulation of they-y scattering process. In Fig. 29 we
very near to each other. present jet cross sections from both models/f+,- =175

~ To study the influence of multiple soft and multiple hard Gev photon-photon collisions separately for direct, single-
interactions in the model we plot in Fig. 28 the [t cross

Sect!on f.c(J.r)doublg—rleS?[Ir\l/e'd e;/entSﬁUSIrr;g tg? ftollovvtl'ngr;ﬁ"r?odel TABLE Ill. Comparison of average quantities for LEP-II
Versionsii) a mocdet with Singie Sott or hard Interactions photon-photon  collisions with photon-photon collisions at

a model with up to one soft and multiple hard interactions . .
. . ) . '\Js,,=25 GeV. The average transverse momenta are given in
and(iii ) a full model with multiple soft and hard interactions. s, g g

To realize model versions) and(ii), the number of soft and Gevie.
hard interactions is sampled according to Ed); however, Quantity LEP-Ilyy yy at 25 GeV
in events with more than one soft or hard interaction, the
number of interactions is cut down to the limits given for Nt 15.9 17.2
and (ii). The arbitrary threshold between soft and hard parfg, 9.58 10.1
tons in the model ip"°"=3 GeVk. The curve for(ii) is N+ 3.98 4.12
rather close to th& j distribution of the full model. With  n.- 3.98 4.12
the average numbers of minijets given in Table 1l the chance;- 0.20 0.19
to have more than one minijet in one event is small. This iSp, ),- 0.37 0.37
different for the soft interactions; the chance to have in ad<p, )5 0.48 0.50
dition to the hard scattering at least one soft interaction ign ) 1.21 1.44
rather high. (N Y miniets 0.030 0.028
An estimate of the model dependence of these predictiongeight (ub) 0.0032

is obtained by comparing the results obtained WAHOJET



FIG. 26. Decomposition of the jet cross sectime,/dE, j; as
a function of the jet transverse energy. The jets Vidith.,=5 GeV
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FIG. 28. Jet cross sectiahoje/dE, j; @s a function of the jet
transverse energy. In order to study the influence of multiple soft
and hard interactions in the model, we consider restricted cases with

were found from theeHoJETevents using a cone algorithm. The jet only single soft or single hard collisions. The curve with multiple
acceptance region was restricted fl}bt\Sl-l- Note that the single- Soft, single hard collisions coincides nearly with the solid curve.
resolved contribution as shown enters the total jet cross sectiohhe jets withE ;=5 GeV were found from theHOJET events

twice.

1000

100

10
dO'jet

dEJ_jet

(&)

0.1

0.01

ete” = X +ete, /5 =175 GeV

PHOJET had. —
LO parton || < 1.1 -+

....... direct (x10)

single-resolved

using a cone algorithm. The jet acceptance region was restricted to
| 77jet| <11

resolved, and double-resolved events. As expected, we find
nearly no differences for direct events and the differences are
largest in double-resolved events. However, for transverse jet
energies above 8 GeV the differences between both models
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 together
with the distribution obtained with the cl,g,e<50 GeV
within the acceptance regiofyy|<2.1. The 50 GeV cut
serves to suppress jets coming fr@h decay. For jets with
transverse energies below 10 GeV this cut does not change
the E, j; distribution drastically. Finally, in Fig. 31 we plot
the cross section as function of the visible energy within the
acceptance region. Since we want to search jets with an
E. =5 GeV cutoff, we use a lower threshold for the
photon-photon energ;/gw=10 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 least
one jet withE, ;=5 GeV and impose the visible energy cut
E.isile=50 GeV within the acceptance region given above.
We observe, that nearly each event with a visible energy
above 30 GeV contains at least one jet with,,=5 GeV.

VI. CONCLUSIONS AND SUMMARY

The PHOJET model can be used to calculate hadronic

FIG. 27. Jet cross sectiatre/dE, j¢; Of direct, single-resolved,
and double-resolved interactions as a function of the jet transversgvents in hadron-hadron, photon-hadron, and photon-photon
energy. For partonic as well as hadronic jets, the acceptance regia@ollisions. The model is found to agree well with data in
was restricted tm;el<1.1. hadron-hadron and photon-hadron collisions; the predictions
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' o FIG. 31. Cross section as a function of the visible energy inside
FIG. 29. Comparison oPYTHIA and PHOJET predictions on the 3 calorimeter with |<2.1. Only events With\/§7y> 10 GeV are

jet cross sectionsloj/dE, oy as a function of the jet transverse sampled from the photon spectrum, E24). In a second curve we

energy. The contributions of the three basic interaction types, directequest jets WitlE, jo=5 GeV and impose a visible energy cut of
single-resolved, and double-resolved, are shown separately. For thg) Gev.

calculations, the photon PDF parametrizations GRV LO and SaS
1D have been used feHOJETandPYTHIA, respectively.

for photon-photon collisions do not need any new param-
eters.
e o Xt eter, /B 175Gy Multiple_ soft and m_ul_tiple hard inte_raction(:‘mir_]ijets)
T . . T . . . . ; 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 biss — Minimum-bias hadron production in hadron-hadron,
visible onergy cut — ] photon-hadron, and photon-photon collisions of the same
c.m.s. energy is remarkably similar. To see this, one has to
restrict the comparison to inelastic events and to exclude also
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 difference
can be understood to be due to the direct photon interaction
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-positron
colliders. Photon spectra according to bremsstrahlung, beam-
7 strahlung and backscattered laser radiation in linear electron-
X , , , , , , . . positron colliders are implemented at present. The model
o 2 4 6 8 10 12 14 16 18 20  shows reasonable agreement with data on jet production in
Eiliee  (GeV) photon-photon collisions as obtained by the TOPAZ and
AMY Collaborations[62,63. It is easy to implement other
FIG. 30. Jet cross secti@hie,/dE, o as a function of the trans- Similar photon  spectra. With these possibilitiesioseT
verse energy. Here we give in addition the cross section with hould be a tool suitable to study the photon-photon back-
visible energy cut(inside a calorimeter wits|<2.1 the cut is ground to other interesting reactions at such colliders.
E.is<50 Ge\). The jets withE, ;=5 GeV were found from the "After finalizing this work, we learned that Schuler and
PHOJET events using a cone algorithm. The jet acceptance regiopjostrand had just issued a repp88] where they study had-
was restricted td7;ed<1.1. ronic photon-photon interactions using an alternative model.

100 ¢ PHOJET ]

deet
dE | jey
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As shown in Figs. 18, 19, and 29, the predictions of bothknowledge the invitations to sessions of LEP-II and linear

models agree reasonably well.
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