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Photoproduction off nuclei: Particle and jet production
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High energy multiparticle photoproduction off nuclear targets is studied. The photon is assumed to interact
in direct scattering processes or as a resobyﬁlstate according to the generalized vector dominance model.
In the description of resolved interactions multiple soft and hard processes irqq_anhcleon interaction are
taken into consideration. The model, formulated within the framework of the two-component dual parton
model, is shown to agree with hadron production data from real and weakly virtual photon-nucleus interac-
tions. Differences between multiparticle production in photon-nucleus and hadron-nucleus interactions and
features of jet production in photon-nucleus collisions at DESY HERA energies are discussed.
[S0556-282198)01805-0

PACS numbgs): 12.40.Nn, 13.60-r, 25.20.Lj, 25.30-c

I. INTRODUCTION a basis for our present study are hadron-nucleus and photon-
hadron collisions.

Many features of high energy photoproduction off had- In hadron-nucleus collisions the multiple interaction pro-
rons are well understood within the QCD-improved partoncess of the hadron with target nucleons which explains the
model: the photon may couple directly to a parton of the“shadowing” effect is understood in the framework of the
hadron(direct processesor it may enter the scattering pro- Gribov-Glauber approximatiofi8—20. The two-component
cess as a hadronic fluctuatigresolvedprocesses(recent DPM incorporates the Gribov-Glauber approximation and
reviews are given iil1,2]). Since the lifetimes of these had- treats each hadron-nucleon interaction by Pomeron and
ronic fluctuations are typically long enough to develop prop-Reggeon exchangesTunuc 2.0, a Monte CarlgMC) real-
erties of ordinary hadrons they can interact in soft and hardzation of the two-component DPM for hadron-nucleus and
resolved processds,4]. The classification into direct and nucleus-nucleus collisions, includes the Glauber formalism
resolved photon interactions has been confirmed by manj21], the PHOJETmodel[14,15 for each hadron-nucleon or
experimentd5-7]. Moreover, it has been shown that both nucleon-nucleon collision, a formation zone intranuclear cas-
classes of processes exhibit different properties concerningade model, and models for spectator deexcitation and disin-
multiparticle productiorf3-5,8,9. Here, we extend a previ- tegration[22,23. As it will be shown further below, results
ous study of photon-nucleus cross sections and their higbn particle production in hadron-nucleus collisions obtained
energy shadowing behavift0] to particle production. This with bTuNuc 2.0 are in good agreement with data.
is done by applying the two-component dual parton model The description of photon-hadron interactions within the
(DPM) [11-15 to photoproduction off nuclei. two-component DPM takes the above mentioned dual nature

The two-component DPM is based on the DPM describ-of the photon into consideration. In analogy to hadron-
ing soft particle productioiffor a review se¢16]) and treats hadron interactions, the resolved photon interactions are de-
highp, processes using lowest order perturbative QCDscribed in terms of multiple soft and hard Pomeron and soft
This model has been proven to be very reliable in describindReggeon exchanges. Parton jet and minijet production in re-
the main features of hadron-hadrft?,13, photon-hadron solved processes as well as direct processes are calculated in
[14,15, photon-photon [15], hadron-nucleus[17], and lowest order perturbative QCD. The MC realizatipROJET
nucleus-nucleus collisionfl7]. Here, the two-component has been compared in several applications to photoproduc-
DPM is applied to photon-nucleus collisions for the firsttion data from the DES¥pcollider HERA and a reasonable
time. The two channels which are of particular importance aagreement was found,24,25.

Using all informations from hadron-nucleus and photon-
hadron collisions it can be expected that the two-component
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mic ray cascade simulations, or shielding problems at TeV- 9

<
|

lepton colliders. = 3 =
In Sec. Il we summarize the basic ideas of the description ° | =
of hadron-nucleon and photon-nucleon interactions within ; =
the two-component DPM. Furthermore, its application to =
photon-nucleus interactions is presented. In Sec. Il we dem- q’/___\ 1_/§
onstrate that the model is able to describe characteristic fea i a9
tures of measured particle production in photon-nucleus in- (a) (b)
teractions. The nuclear dependence of multiparticle _
photoproduction off nuclei and direct as well as resolved jet 3 —"> "~ L =
production are studied. Predictions for HERA energies are __\?/— « === =
given. Finally, in Sec. IV we summarize our results. 4 ' g
=
E q < L
Il. THE TWO-COMPONENT DUAL PARTON MODEL 9 — ,:' T ~———— — §
A. Photon-nucleon interactions I @
(© (d

In the following, we give a summary of the basic ideas of
the two-component DPM with emphasis to the description of
photon-nucleon interactions as implemented in the MC geng,
erator PHOJET More detailed discussions can be found in
Refs.[14,15.

The physical photon state is approximated as a SUPerPQayge transverse momenta. Lowest order perturbative QCD is

sition of a bare photon and of virtual hadronic states having,seq to calculate the resolved and direct hard photon cross
the same quantum numbers as the photon. The bare phm%@ctions[m 27.

may interact in direct processes. This direct contribution is The optical theorem relates the total cross sectics
estimated by lowest order perturbative QCD. The interacy|asic scattering, diffraction dissociation, and nondiffractive
tions of the hadronic fluctuations _of the _ph_oton are called,q|astic scatteringto the discontinuity of the amplitudé)
resolved processes and are described within the framewogken at vanishing momentum transfer. At high energies, the
of the two-component DPM in terms of Reggeon andgiscontinuity can be expressed as a sum over terms which
Pomeron exchanges. We distinguish soft and hard resolveghrespond to graphs with a certain number of cut Pomerons
processes according to the transverse momenta of the intqixramoyski-Gribov-Kancheli cutting rulgg8]). Therefore,
mediate states of the Pomeron exchange graph: By definne optains for the exclusive cross section Kgreut soft
tion, scattering processes resulting in at least one parton hays, merons) . cut hard pomeronsm, cut triple- and loop-

mg&iransverse momentum Iarger than a cutoff momem“rﬂ’omeron graphs, am, cut double-Pomeron graphs
p; =3 GeV/lc are called hard interactions. All other pro-

FIG. 1. Color flow picture of a single Reggeon exchange graph
and the corresponding unitarity c(i). In (c) and(d) the same
is shown for a single Pomeron exchange.

cesses are classified as soft interactions. o(Kg,le,Mg,N¢,S,b)

The amplitude describing the scattering of the hadronic . | " .
fluctuationV with a nucleonN is parametrized using a two- _ (2xs)"¢ (2xn)© (2xp)™ (2xc) °e_2X(s,b)
channel eikonal formalisiil4,13. In impact parameter rep- k! ! m! ne!
resentation, the amplitude readst] 3

[ .
ayn(s,b) =5 (1—-e X0, (1) with
2 _ _tot _ el
with the eikonal function f d bkﬁ'ﬁg‘;mc:l (ke le,Me.Ne,$,0) = oy = oy
@

X(8,0)=xs(s,0) + xu(s,0) + xo(s,b) + xc(sb). (2) Both resolved soft and hard interactions are unitarized, i.e. a

singleq q-nucleon scattering may be built up of several soft
Here, they;’s denote the contributions from the different and hard interactions. In contrast to resolved processes, ab-
Born graph amplitudes: soft Pomeron and Regg&®nhard  sorptive corrections to direct photon interactions are sup-
Pomeron(H), triple- and loop-PomeroriD), and double- pressed by one order of the fine structure constaptand
Pomeron amplitude€C). The Born graph amplitudes of the are therefore neglected.
soft processes are calculated using Gribov's Reggeon field |n order to relate the cross sections given in E). to
theory [26,19. Assuming universality of soft interactions, final state parton configurations, we use the equivalence be-
the free parameters of the modéPomeron couplings, tween the Reggeon and Pomeron exchange amplitudes and
Pomeron intercept, triple-Pomeron coupling, and slope pacertain color flow topologief29]. In Fig. 1 the color flows of
rameters have been determined by a global fitpe, pp, single Reggeorta) and single Pomeron exchange processes
and yp cross section and slope ddti4]. However this uni- () are shown together with the corresponding cuts. Whereas
versality cannot be applied to photon interactions involvinga cut Reggeon yields one color-field chastring (Fig. 1b),
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TABLE I. Multiplicities of shower particles §>0.7) in interactions of pions and protons with carbon,
copper, and lead nuclei at 50, 100, and 150 GeV are compared to measurgtBgnts

ELa=50 GeV E_a=100 GeV E_a=150 GeV
DTUNUC 2.0 Exp. DTUNUC 2.0 Exp. DTUNUC 2.0 Exp.

mt-C 7.3 7.62-0.14 9.0 9.1¢0.17 9.9 10.0¥0.18

7*-Cu 8.6 8.810.23 105 10.4%10.27 11.8 11.5Z20.30

7*-Pb 10.1 10.1%0.38 12.2 11.540.44 14.3 13.080.50

p-C 7.7 7.88:0.15 9.2 9.250.18 10.3 10.580.19

p-Cu 9.8 9.52:0.24 11.9 11.460.29 13.3 12.930.33

p-Pb 111 11.330.43 13.8 15.9 14.950.57
a cut Pomeron results in two stringEig. 1d which are DTUNUC is extended to the description of photoproduction
assumed to fragment independently into hadrons. In the largeff nuclei.
N, limit of QCD (with N being the number of colorghe Particle production in each photon-, hadron-, and
same color flow picture of the Pomeron is also found in harchucleon-nucleon interaction is based on the MC realization
interactions. PHOJET[14,15 of the two-component DPM which includes

For Pomeron cuts involving a hard scattering, the partommultiple soft and hard Pomeron exchanges and diffraction.
kinematics as well as the flavors and colors are sampled ac- A formation zone intranuclear cascade is treated in both,
cording to the QCD-improved parton model using leading-the projectile and target spectators including evaporation of
order matrix elements. We use the GRV parametrizations afiucleons and light nuclei from excited spectators, spectator
the parton distribution function€PDFg of the photon[30]  deexcitation via photon emission, and fragmentation of light
and the nucleori31]. Both, initial and final state parton spectator nucl€f22,23.
showers are treated. For the latter the Monte C@M&) The generation of a photon-nucléysarticle production
realization as implemented ETSET[32,33 is applied. event proceeds as follows: The treatment of any interaction

In case of Pomeron cuts without large momentum transstarts with sampling of an initial spatial configuration ac-
fer, we assume the partonic interpretation of the DPM: hadeording to nuclear densities and of the Fermi momenta of the
ronic fluctuations of the photon are split into a quark- nucleons. The number of nucleons involved in the scattering
antiquark pair whereas baryons are approximated by a quarlkrocess with the photon is obtained according to the Glauber
diquark pair. The longitudinal momentum fractions of the approximation. We use the MC algorithm [&#1], here ex-
partons are given by Regge asymptoti84—37. The va- tended to photon projectiles. The inelastic cross section for
lence quark momentum fractiom inside a nucleon is the scattering of a photon with virtualit9? with a nucleusA
sampled according tp(x)~(1—x)>%x whereas the mo- at a squared photon-nucleon c.m. eneggpnd at impact
mentum fraction of a valence quark inside a hadronic flucparameteb reads[10]
tuation of a photon is obtained frop(x) ~1/yx(1—x). For

. . X 2 2 2
multiple interaction events, the sea quark momenta are s.02.p)=4 f'\"lszD M2 )
sampled using &(x)~1/x behavior. The transverse mo- 75A(S,Q7 D)= 4maen 2 (M%) M?+Q?
menta of the soft partons are not predicted by the DPM. Q?

Here, we assume an exponential distribution 2 012
X|1+e—= ,Q°,M“b 5
d’Ng/dp?>~exp(—Bp,). The energy-dependent slope pa- EMZ)UVA(SQ ) ®

rameter is obtained requiring a smooth transition between

the transverse momentum distributions of the soft constitu- A .

ents and the hard scattered partons. UVA(S,QZ,MZ,b)=f I1 d3rpa(r))
For single diffractive and central diffractive processes, the =1

parton configurations are generated using the ideas described A 2
above applied to Pomeron-photon—hadron—Pomeron scatter- x| 1= H [l—F(s,QZ,MZ,Bi)] )
ing processe$38]. Hence, a diffractive triple-Pomeron or i=1
loop-Pomeron cut can also involve hard scattering subpro- (6)
cesses resulting in a rapidity gap event with jets.

All strings are hadronized usinETseT7.3[32,33. Corresponding to the assumptions of the generalized vector

Finally it should be mentioned that the model is limited 0 gominance modelGVDM) (see for exampl¢3,41] and ref-
photon virtualitiesQ®<s with Q*<9 Ge\* [15]. erences therejrwe integrate in(5) over the masseldl of the

hadronic fluctuations of the photoB(M?) denotes the den-
B. The event generatoroTunuc 2.0 sity of hadronic states per unit mass-squared inteejalthe

for photon-nucleus collisions

The MC event generatopTunNuc 2.0 for hadron-,
photon-, and nucleus-nucleus collisions is based on its pre-‘Here, we restrict our discussion to photon projectiles. The treat-
vious version[39,4Q incorporating the following new fea- ment of hadron-nucleus collisions is similar; the discussion of
tures: nucleus-nucleus collisions is not within the scope of this paper.
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FIG. 2. Comparison of model results to data on pion-emulsion
. . . R 0 ) , ,
interactiong44]. In (a) shower particle multiplicity dlstrlbutlon§ are 10 100 1000 10000 100000
shown for a laboratory energy of 525 GeV. () pseudorapidity (c) ELab (GeV)

distributions of shower particles are given for two different ener-
gies: 60 GeV and 525 GeV. FIG. 4. Average numbers of copper nuclegng) struck by
projectile pions, real and virtuald?=2 Ge\?) photons are given

ratio between the fluxes of longitudinally and transversally"’IS function of the projectile laboratory energy. In (b) and (c)

. : . : average multiplicities of showe&iNg) and heavy particleéN,) are
pOIa,nzed photons. .Equatlo.(ﬁ) relates the mglasuc crqss presented. Shower particles are defined as singly charged particles
sectionay, for the interaction of the hadronic fluctuation i, B>0.7. Heavy particles are charged particles wike0.7
with the nucleus to the amplitudefor the interaction of the  except residual copper nuclei.
hadronic fluctuation with a nucleon

- Q% M? _
M(sQ2M2E) = P 1-ip)

p+Au— 7°+X, Epq., = 200 GeV
100000 T T T

T T J— 52
10000 DTUNGE 25— ] x eXF{ m) : (7)
1000 1L5<p<2l
100 3 EVN(S,QZ)
i 2 A 12y —
E%‘{ 10 h UVN(S!Q ,M ) M2+Q2+C2' (8)
(mb c3/GeV?) i
1 |
We refer to[10] for the calculation of thevi?-independent
o ] quantity oy, the slopeB, and the parameters entering the
0.01 i 1 E expressions. The integration over the coordinate spa@® in
0.001 . . . . . . is performed using one-particle Woods-Saxon density distri-
o 0.5 1 2 2.5 3

butionsp, [42]. With the impact parametdr and the mass

M of the hadronic fluctuation which are sampled according
FIG. 3. Model predictions on transverse momentum distribu-to Egs. (5),(6), we obtain for the probabilitiep; that an

tions of #%'s in proton-gold interactions at 200 GeV are comparedinelastic interaction between the projectile and nucléon

to data of the WA8O Collaboratiof#5]. takes placg10,21]

1.5
p1 (GeV/c)
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T T T M ;L++Emulsion—>,u++h,+x
24+ 4 30 — . g
Hand et al. +o—
2l +-Cu | wl N.>3 DTUNUC 2.0 — |
() lg L
N, r
(N) 20
6 -
5 -
4 4
3+ i
%).01 0.1 2 1 10 2 ) 2
(a) Q 1 10 100
I/ZBj
12 T T T T T
r},ﬁg: < FIG. 6. Average numbers of charged hadromd>(0.7) in
10k 7‘1:8: ° - muon-emulsion interaction events at 150 GeV with more than two
heavy particles in the final state are given as function of the inverse
s| o < 4 of the Bjorkenx variable and are compared to dé#a].
o< <>o<> ©
Ny el 0. 1 one hard resolvedrepresenting the anomalous compomnent
oo ¢ or one direct photon interaction is sampled.
* OO .
4l % © i Furthermore, as for the calculation of cross sectidrtg,
#0 : ; .
. ** the coherence length of the photon is taken into consider-
g I 1 ation which effectively leads to a suppression of the Glauber
cascade at low energies. Particle production in each inelastic
0 . . s ) : interaction of the photon or its hadronic fluctuation with a
) ! L5 2 25 3 35 4 nucleon is treated by the MC realizatieRoJETof the two-
Yt

component DPMsee Sec. Il A The photon-nucleon inter-
actions are followed by a formation zone intranuclear cas-
cade in the target spectator and by subsequent evaporation
processes of nucleons and light nuclei as well as by spectator
deexcitation, and by the fragmentation of light spectator nu-

FIG. 5. In (a) the Q? dependence of the average number of
copper nucleons interacting with the photén,) is given for a
photon-nucleon c.m. energy of 150 GeV. () the dependence of
the average heavy particle multiplicity on is shown for proton,

pion, real photon, and weakly virtual photo®3=2 Ge\?) projec- clei[22,23.
tiles at the same energy.
Ill. PARTICLE PRODUCTION
pi=T(b;)+T*(b;)—T'(b)*(b). 9) For studying photoproduction off nuclei we assume the

logical sequence to be as follows: As mentioned earlier soft

_ . _ . hadronic interactions exhibit universal features irrespective
Note thath; is the impact parameter for the interaction of the of the nature of the colliding particles. This fact was already
hadronic fluctuation with the nucleonfor a fixed spatial emphasized by Engel and Ranf{{it5] where the description

configuration of nucleons. ~ of high energy hadron-hadron and photon-hadron interac-
As it has been dzlscusse? f|fnZSec. Il of RifO], hadronic  tions based on the two-component DPM was extended to
fluctuations withM?>(2p7"®")* predominantly interact in photon-photon interactions. Here, we want to proceed in an

pointlike interactiong,i.e. in direct interactions and in inter- analogous way. We start from the description of photon-
actions which are characterized by the anomalous componehadron and hadron-nucleus interactions and show that the
of the photon PDF. In both cases, the virtuality of tg model may also. provide a reasonable description of photon-
system allows to calculate the photqur coupling perturba- NUcleus interactions. , ,
tively. We denote the corresponding cross sections wl Photon-hadron collisions have been discussed in the

and o2 and refer tg 10] for their calculation within lowest framework of the two-component DPM elsewhdtet,19.
b4 Furthermore, also numerous studies of hadron-nucleus colli-

order perturbative QCD. Here we shall again consider the.

extreme case that in these processes the hadronic fluctuatigie"> within this model exigsee for instancgs9,40,17 and

of the photon interacts with only one target nucleon. There_rgferences thereinOf course for the latter interaction chan-

i ) dir . _anos ot nel it has to be verified that the new versionmfuNuc is
fore, in the fractionA- (o3 + o'}/ o'y of all events only 10 Gescribe the data. Since this has not yet been demon-

strated we give a few examples further below.
Based on the reasonable description of these two interac-
Note that in our definition of “pointlike photon interactions” tion channels the model is then applied to multiparticle pho-
[10] interactions of low-masg q fluctuations with only one target toproduction off nuclei. This application may serve as a se-
nucleon are not included. vere test of the model since it carries no further freedom.
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FIG. 7. The dependence of average multiplicities of charged hadrons on the squared energy of the virtual photon-nucleon c.m. system is
shown for muon-deuteriurga),(b) and muon-xenon interactiorts),(d) at 490 GeV and is compared to measurements of the E665 Collabo-
ration[48]. In (a) and(c) we give the average multiplicities of &IN.,), of positively(N. ), and of negativelf{N_) charged hadrons. I¢b)
and (d) the average multiplicities of all charged hadrons are shown for pogiMye and negativeéNg) c.m. rapidities.

A. Hadron-nucleus interactions sions is plotted in Fig. 2a. Model results shown as histogram
In Table | average shower particle multiplicities calcu- are compared to dafa4]. As this plot demonstrates also the

lated for interactions of positively charged pions and proton%'s‘ttrk']bm'or;1 Olf the shower particle multiplicity is reproduced
with different target nuclei at 50, 100, and 150 GeV are yCaﬁcmgt:d' and measurd@d] pseudorapidity distribu-
given. Here, shower particles are defined as singly chargeﬁions of shower particles are shown in Fig. 2b again for pion-
particles with Lorentz8 values exceeding 0.7. These resultsemmsiOn interactions at 525 GeV and édditionally for 60
are compared to data taken from Rf3]. For all configu- ' '
rations there is a reasonable agreement between the calcu—THe invariantz® cross section as a function of the trans-

lated and measured values. _ verse momentum in proton-gold collisions at 200 GeV has

The dls_trlbutlon (_)f the multiplicity (_)f sh_ower particles been measured by the WAS0 Collaboratiats]. In Fig. 3
produced in interactions of 525 GeV pions in nuclear emuly,e compare our calculations to these data and find a reason-
able agreement. Corresponding to the kinematic cuts of the
experiment the pseudorapidity range<.5<2.1 is consid-
ered only.

TABLE Il. Results on average multiplicities of all charged
{N¢p, positive(N_ ), negative(N_), forward(N), and backward
(Ng) hadrons p>200 MeV/c) for muon-deuterium and muon-
xenon interactions at 490 GeV are compared to data of the E665

Collaboration[48]. B. Photon-nucleus interactions
1. General properties of the model
+ +
n-Da n-Xe .

DTUNUC 2.0 Exp. DTUNUC 2.0 Exp. Before comparing model results to data from lepton-
nucleus interactions let us first outline differences between
(New 7.7 7.83£0.07 10.8 9.990.13 hadron- and photon-nucleus collisions with respect to prop-
(N,) 4.1 4.16£0.05 6.8 6.06:0.11 erties of the Glauber cascade and multiplicities at fixed pro-
(N_) 3.6 3.67-0.05 4.0 3.990.06 jectile energy. In lepton-nucleus interactions the projectile
(Np) 41 4.60£0.05 4.2 4.76:0.07 photon has varying energies and virtualities and a direct
(Ng) 3.6 3.23-0.04 6.6 5.29-0.11 comparison with hadron-nucleus collisions would be less

conclusive.




57 PHOTOPRODUCTION OFF NUCLEI: PARTICLE AND JET PRODUCTION 2895

a5 ™ [p* + Emulsion—h, +X (i) The fraction of events with pointlike photon interac-
T ' ' ' © Hand etal, 150 GeV et ot tions (1,=1) increases with rising photon virtuality.

Babecki et al., 60 GeV 71: o
DTUNUC 2.0, 150 GeV gt — 7 .. . .
DTUNUG 2.0, 60 GeV 7~ — As an example, this is shown in Fig. 5a for photon-copper

pH9<W <14GeV o interactions at a photon-nucleon c.m. energy of 150 GeV, an
energy which could be available in the future for photon-
nucleus collisions at HERA46]. In our model, the average
L ! ] heavy particle multiplicity is approximately proportional to
v, irrespectively of the nature of the projectile. This depen-
1 1 dence is shown in Fig. 5b for protons, pions, real and weakly
virtual photons Q?=2 Ge\?). It reflects the fact that the
number of heavy particles depends only on the number of
: : nucleons “knocked out” of the target by the projectile and
@ B R A by subsequent intranuclear cascade processes and not on par-
ticular properties of the projectile-nucleon interactions
p#+ +Emulsion—h,+X [22,23'

3.5 T T T T T T T T
Hand et al., 150 GeV pt re—

sl ' DTUNUC 2.0, 150 GeV s~ — | 2. Average multiplicities

Average shower particle multiplicities in interactions of
150 GeV muons in emulsions are compared to 4@ in
Fig. 6. Corresponding to the measurements, from the calcu-
lated events only those with more than two heavy particles in
the final state have been taken into consideration. The flux of
virtual photons is sampled according to the EPA and to the
Q? dependence of the photon-nucleus cross sectitb
The multiplicities are shown as function of the inverse of the
Bjorkenx. In this representation the average photon virtual-
ity is decreasing from about 8 GéMin the lowest bin
(1/xg<10) to about 0.9 Ge¥in the highest bif{47]. Our
results agree with the data in the kinematic region of photo-

FIG. 8. Pseudorapidity distributions of charged hadronsproduction(Q254 Ge\2, 1/xg>25) but underestimate the
(5>0.7) from muon-emulsion interactions at 150 GeV are shownyaia for higher virtualities. This fact may indicate that the
together with dat§47]. In (a) the photon-nucleon c.m. energy range PHOJET realization of the two-component DPM for photon-

Is restricted to 3:W<14 GeV. In addition, the pseudorapidity dis- .\ 160n interactions fails in describing particle production in
tribution of charged hadrons from pion-emulsion interactions at 60

Gel = ot compaed 10 G I ()t el for 12190100 O PO wi el gp il atjow,
W>10 GeV are given. In both distributions only events with gies. '

Ny=3 are included. tal on 50000 eve_nts one ha; to note that t.he data include
about 17 events in eachxyf bin [47]. Taking into account

that these 17 events involve interactions with six different
nPargets(emulsion componenkst different collision energies
and photon virtualities one might conclude that the statistical
significance of the data is limited.

Finally, we compare our results on multiplicities in muon-
euterium and muon-xenon interactions to data of the E665

2.5 W > 10 Gev b

(b)

In Fig. 4 we present average numbers of target nucleo
interacting with the projectile(v;) and multiplicities of
shower (N} and heavy particlesN,) (charged particles
with 8=<0.7) calculated for pion-, real photon-, and weakly
virtual photon-copper interactions at energies of the projec-

t"? in the nucleus rest system between 10 GeV and 100 Te Collaboration[48]. The experiments were performed with a
Differences between the; values for pion and photon pro- 490 GeV positive muon beam. The kinematic region under

Je_ctlles at fixed energy arise from differences between th?nvestigation isQ?>1 Ge\?, 8<W<30 GeV, Xg;>0.002,
p|on-mcleon Cross sectlon. and taveraged °Yer all masses and 0.k v/E,<0.85(with v being the photon energy in the
M) gq-nucleon cross sectioayy [Eq. (8)] which enter the |aporatory. Furthermore, only charged particles with mo-
calculationg 10]. Since the latter is slightly smaller, the real mentap>200 MeV/c in the laboratory frame are consid-
photon interacts with less nucleons than the pion. ered. We note that although the distribution of photons in
~ Furthermore(v,) decreases with the photon virtuality at eptons decreases with increasi@f still a considerable
fixed energy. There are two main effects being responsiblgaction of all events is characterized by photons with rather
for this behavior: large virtualities. These events cannot be expected to be de-
scribed reliably within the present approach. In Figs. 7a and
(i) Because of the 1KM1?+Q?) behavior of oy this  7c the energy dependence of the average total, positively and
cross section decreases wiit at fixed M? and fixed en- negatively charged hadron multiplicities are shown. For both
ergy. Moreover, at large photon virtualities interactions oftarget nuclei the data are well reproduced by the model. The
resolved photons with large masdé€ become more impor- multiplicities of charged hadrons are shown separately for
tant leading to a further decrease of the cross seatigp  the forward and backward region of the photon-nucleon c.m.
and thereford v;). frame in Figs. 7b and 7d. The calculated multiplicities in the
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FIG. 9. Rapidity distributions of positivea) and negative hadror() from muon-deuterium interactions at 490 GeV are shown together
with data[48] for different ranges of the virtual photon-nucleon c.m. enéfgy

backward region which are strongly affected by target assoalso our discussion in Sec. Ill B2Comparing the model
ciated particle production and, therefore, by the laboratoryesults to the data we note that agreement within the statis-
momentum cut applied to the final state hadrons, are slightlyical errors is obtained fom>2. Disregarding the above
higher than the data whereas those in forward direction argentioned peak, at lower pseudorapidities we underestimate
lower. Multiplicities averaged over all energies of the the measured distributions slightly. Furthermore the com-
photon-nucleus interaction are compared to the correspongrarison suggests that both, the measured and calculated dis-
ing experimental values in Table Il. tributions, agree in normalizatiofi.e. in the average multi-
plicity of shower particles but the maximum of the
calculated distribution appears at somewhat higher pseudo-
In Fig. 8 the model results for the pseudorapidity distri- rapidities than the measured one. In order to understand this
butions of shower particles from muon-emulsion interactionadiscrepancy we compare in Fig. 8a in addition results for
at 150 GeV are compared to data again from measuremenpson-emulsion interactions at 60 GeV to d@®]. This en-
by Handet al.[47]. The kinematic range of the experiment is ergy corresponds to the average photon laboratory energy of
0.6<Q?%<21 Ge\? and 2.5xW=16.5 GeV. The distribu- the distribution for the muon projectile in this figure. The
tions shown for muon-emulsion interaction cover differentcuts on both data sample are similar: only events with at least
but overlappingW ranges: in(a) data and MC results are three heavy particles are considered and shower particles are
plotted for 9<W<14 GeV and in(b) for W>10 GeV  defined by their Lorent$ value asp>0.7. Our results for
((Q%=2.7 GeV}). Let us first compare the two data sets = -emulsion interactions agree in shape and in position of
which include 43 events ifa) and 47 events ifb) [47]. One  the maximum to the data. Therefore and with respect to con-
obvious difference is the peak in the distribution (@ at clusions from comparisons with data drawn further below we
7= 1.25 which is not present itb). The only energy range attribute the discrepancy in the position of the maximum to
which is not covered by the data in Fig. 8a as compared to 8the statistical uncertainties of the experiment.
is 9<W<10 GeV. Therefore, we assume that this peak is Turning again to muon-deuterium and muon-xenon inter-
due to statistical uncertainties within the experiménf.  actions at 490 GeV we compare in Figs. 9 and 10 rapidity

3. Inclusive particle distributions
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FIG. 10. As in Fig. 9, here for muon-xenon interactions.

distributions of positively(a) and negatively charged hadrons positively charged particles outside the target fragmentation
(b) in the photon-nucleon c.m. frame to d@#8]. The com-  region in muon-xenon interactions and of charged particles
parisons are shown for three ranges of the photon-nucleoin muon-deuterium interactions agree with E665 data.

c.m. energyW. Taking into account that the treatment of  Distributions of charged hadrons from muon-deuterium
high Q2 values in our moddl15] might be too simplified, the and muon-xenon interactions at 490 GeV were measured as
description of the data by the model is satisfactory with thefunction of z=E/v (E and v being the secondary hadron
exception of the production of positively charged particles inenergy and the photon energy in the target rest frame, respec-
the target fragmentation region of the muon-xenon interactively) by Adamset al.[50]. In Figs. 11a and 11b our results
tion (Fig. 10a,y~ —3). The peak in the calculated distribu- on the z distributions are shown together with these data.
tions clearly reflects the production of target associated paBoth, model results and data, are restricted to the shadowing
ticles by intranuclear cascade processes which are presentriegion, i.e. toxg;<0.005 andQ?<1 Ge\?. We find a good

the distributions if a momentum cut as low as 200 M2  agreement in the whole range.

the laboratory frame is applied to the results. The multiplic- Feynmanx distributions are usually studied in terms of
ity seen in the target fragmentation region depends stronglthe one-particle inclusive variable(xg) defined as

on this cutoff. We assume that the differences might be due

to additional kinematic cuts applied to the data or due to 1 2E do 2p,

experimental uncertaintiegith respect to the momentum FIXp)= =t = 5= XF=—- (10
cutoff) for the following reasons(i) the models for slow Tyn TW dx w

particle production implemented mrunuc 2.0 are in good

agreement with data from hadron-nucleus as well as nucleughe quantitiese, p;,, and W= Js denote the energy and
nucleus collision$22,23, (ii) the dependence of shadowing longitudinal momentum in the photon-nucleon c.m. system,
on the photon virtuality and energy is qualitatively under-and the photon-nucleon c.m. energy, respectively. The
stood within our model and describes corresponding data dfeynmanx distribution of positively and negatively charged
the E665 Collaboration reasonably wéll0], and (iii) the  hadrons is given together with daf&1] in Fig. 11c for
rapidity distributions of negatively charged particles and ofmuon-deuterium interactions at 147 GeV. Here, the photon
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FIG. 11. Energy %) distributions of charged hadrons from muon-deuteri(@nand muon-xenon interaction®) at 490 GeV are
compared to measurements of the E665 Collabord60h Corresponding to the experimental cuts applied to the data the MC results are
restricted toxBj<0.005,Q2<1 GeV?, andv>100 GeV. In(c) model results for Feynmax<distributions of charged hadrons from muon-
deuterium interactions &, ,,=147 GeV are compared to ddtal].

virtualities are restricted to the range €.92<3 Ge\V? and  fragmentation region of the target nuclewsan exceed the
the photon-nucleon c.m. energiesws>10 GeV. value of one due to the formation zone intranuclear cascade,
Finally, we compare in Fig. 12a the transverse momentun@n effect being outside the scope of the present paper. Here,
distributions of charged particles in different rangesxpf ~We restrict our discussion to the photon fragmentation re-
again to data on muon-deuterium interactions from Ref]. gion.
Our results are presented as histograms whereas fits to mea-In Fig. 13 we show fits to results of the model on inter-
suredp, distributions are shown as continuous lines. Theactions of real and weakly virtual photonQi=1 GeV?)
experimental uncertainties are increasing withand are at  With carbon, aluminum, copper, silver, xenon, and gold.
least of the order of the differences between the fits for posiOnly charged particles with Loren2>0.7 (shower par-
tive and negative particld$1]. They do not allow to draw ticles) are taken into consideration. The dependencesaf
conclusions concerning the disagreement between mod#éte pseudorapiditya), on the transverse momentuin), and
predictions and data at large transverse momenta. The depe?i? the Feynmax- variable (c) are plotted for a laboratory
dence of the average transverse momenta of charged paergy of 250 GeV. At all values of the studied variahids
ticles onxg is shown in Fig. 12b. larger for virtual than for real photon projectiles. This stron-
ger A dependence of the cross sections for virtual photons is

due to theQ? dependence of the effectiwpg-nucleon cross
I,?,ectionsm,,\, [Eqg. (8)]. It demonstrates that the previously
discussed property of the model, € dependence of shad-
owing (see Fig. 3, is clearly visible also in inclusive particle
distributions. It might be interesting to study this effect also
experimentally.

4. The nuclear dependence of particle production

In order to study the dependence of particle production o
the mass numbeA of the nuclear target, inclusive single
particle cross sections, like pseudorapidite{dz), trans-
verse momentum do/d pf), or Feynmanx distributions
(do/dxg), are usually fitted to &« behavior. In the projec-
tile fragmentation region of photon-nucleus collisions we ex-

pecta to approach unityi) for smallg g-nucleon cross sec-
tions, such as at low energies or f@>>0, (ii) at high Studying jet production in direct and resolved photon
energies for interactions becoming more pointlike, &ifid  events inyp interactions striking differences have been ob-
at large transverse momenta due to hard interactions. In theerved by the experimen{s,8,9. Therefore one can expect

C. Jet photoproduction off nuclei at HERA energies
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FIG. 13. The powenrr of the nuclear dependence of inclusive
to observe similar effects when comparing pointlike and recharged particle cross sections is shown as function of the pseudo-
solved photon processes in photon-nucleus interactions. lrapidity (a), the transverse momentufi), and the Feynman-vari-
the following, properties of hadronic jets produced in inter-able(c) for real photon and weakly virtual photon projectiles of 250
actions of real photons with nuclei are studied at energieSeV laboratory energy.
which might be reached with nuclear beams at HERA. As-
suming nuclei with equal numbers of protons and neutrons
the nuclear beam will have an energy per nucleon of 410
GeV [46]. With an average photon energy of about half of
the electron energy27.6 Ge\j the photon-nucleon c.m. en-
ergy will be about 150 GeV. lo

Before discussing jet production let us first compare trans 1
verse momentum distributions of charged patrticles in proton 0.1
and photon-nucleus collisions. They very clearly reflect dif- dz];;’if 0.0
ferences between interactions with proton and the photo @ery L
projectiles which are responsible for characteristic feature ’
of jet production in photon-nucleus collisions. As shown in
Fig. 14 thep, distribution of charged particles for photon
projectiles exhibits a less rapid decrease and extends !
higher transverse momenta than the one for hadron proje« 10-7
tiles. This property was already discussedif] comparing 0 2
hadron-hadron, photon-hadron, and photon-photon interac-
tions. The reasons ai@) the photon may interact in direct FIG. 14. Transverse momentum distributions of charged had-
processes, andi) the photon PDFs are “harder” as com- rons from proton- and photon-carbon interactions at a proton-
pared to the proton PDFs. nucleon and photon-nucleon c.m. energy of 150 GeV.
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1 . . . . . distributions of the jet axes. This is shown in Fig. 15b for jets
e with transverse energies higher than 6 GeV and 10 GeV. As
initially mentioned, since the PDFs of the photon are harder
than the PDFs of the proton and due to the pointlike photon

interactions we obtain in photon-nucleus collisions consider-

0.01 E

aNF 0.001 b ] ably more jets in forward directionz{®>0). In backward
By direction the soft underlying event, being more pronounced
@V 10-¢ ¢ 3 for proton projectiles, is responsible for a higher jet rate.

The kinematic regions of jets from direct and resolved

107y ] photon interactions might be separated if jet production is

105 L H ] analyzed as function of
10_7 1 1 1 ’/ I_ i .
5 10 15 20 25 30 Ejftleﬂjetl n Ejftgenjetz
@ By (Gev) x00s= : 11
1 T T T T ]
e E, denotes the photon energy’®s can be considered as an

ol ] estimate for the fraction of the projectile momentum entering

’ B> 6Gev ] the hard scattering[8,54]. In Fig. 16a we show

] x°*sdistributions for proton-carbon, photon-carbon, and
E photon-sulfur interactions. Pointlike photon interactions con-
tribute exclusively to the regiox®>0.6. The specific prop-
] erties of jets and of the underlying event are usually studied
in terms of jet profiles. This is shown for photon-carbon
interactions and different®®sbins in Fig. 16b where we plot
the average transverse energy as a function of the distance in
pseudorapidity from the jet axis. Since in direct photon in-
10 : teractions there is no photon remnant which could contribute
(b) o to the jet pedestal, the transverse energy outside the jets is
decreasing with increasing® Of course, as the mass num-
FIG. 15. In(a) transverse energy distributions are presented fo?€" Of the target nucleus increases the soft underlying event
hadronic jets from proton-carbon and real photon-carbon interac?€COmes more pronounced, i.e. the average transverse energy
tions at an energy of 150 GeV in the proton-nucleon and photon©f the jet pedestal increases. This is demonstrated in Fig. 16¢
nucleon c.m. system. Ifb) the pseudorapidity distributions of the for four different target nuclei. Here, all jets with
jet axes are shown for two lower cuts in transverse energy. E, >6 GeV are included.

dniet
dpet

0.001 |

B> 10 Gev
107 ¢

As it has been sho.vv.n in the analysis of Qata from HERA IV. SUMMARY AND CONCLUSIONS
on photon-proton collisiong52] the study of jet production
may give evidence for the subdivision into direct and re- The two-component dual parton model is applied to mul-
solved photon interactions. Therefore it can be expected thdiparticle photoproduction off nuclei. By incorporating the
differences between hadron-nucleus and photon-nucleus cotHOJET event generator for hadron-nucleon and photon-
lisions and characteristic features of pointlike photon inter-nucleon interactions, it is now possible to describe with the
actions emerge most clearly in a study of jet production. Inevent generatobTUNUC 2.0 consistently cross sections and
the following, all observables used refer to the photon-particle production in high energy hadron-nucleus, real and
nucleon c.m. system. Particle jets are defined according teveakly virtual photon-nucleus, and nucleus-nucleus colli-
the Snowmass conventi¢f3]. In the plane of pseudorapid- sions(the latter are not discussed in this paper
ity » and azimuthal anglé a jet is defined as a collection of In [10] it has been shown that the model correctly de-
particles  contained in a cone of radius scribes the shadowing behavior of high energy photon-
R=\(A7)?+(A¢)?’=1. The jet transverse enerdy® is  nucleus cross sections. Based on this fact and on the overall
taken as the sum of the particle transverse energies inside t§@0d agreement of model results and data in all main aspects
cone. The jet pseudorapidity7® is calculated as Of particle production in photon-hadron and hadron-nucleus
E, -weighted average over the pseudorapidities of the pa,collisions no further freedom exists in the model for its ap-
ticles belonging to the jet. plication to multiparticle photoproduction off nuclei. It is

In Fig. 15a we compare the transverse energy distributherefore a severe test of the model. Unfortunately, only a
tions of jets from proton-carbon and photon-carbon interacfew data are available in the kinematic regi@f<s,
tions. Similar to proton-proton and photon-proton interac-Q*<9 GeV* to which the predictions abTunuC 2.0 can be
tions [15], the EI* distribution extends to higher transverse compared. As discussed in this paper, model results are
energies for photon-nucleus collisions as compared tguahyat_lvely consistent with many feature; of these data.
proton-nucleus collisions. Differences between the two chan-_Within the model the photon is treatéd as a resolved
nels are even more pronounced within the pseudorapidityq state interacting with target nucleons according to the
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FIG. 16. Dependence of jet production on the fraction of the projectile momentum carried by the®f8tsa( a proton-nucleon and
photon-nucleon c.m. energy of 150 GeV:(l thex°** distributions of proton- and real photon-carbon and of real photon-sulfur interactions
are plotted. Jet profiles as function of the distance in pseudorapidity from the jet axis are presébtddridifferentx°?s bins. In(c) the
jet profiles are shown for different target nuclei and>&fi values.

GVDM and the Gribov-Glauber approximation in multiple As examples we present transverse energy and pseudorapid-
soft and hard scattering processes éndas a pointlike ob- ity distributions of jets and we study jet profiles in real
ject interacting in a single hard scattering with one targephoton-nucleus collisions at energies which might be
nucleon(anomalous component of the photon PDF and di+eached with nuclear beams at HERA. The strong depen-
rect photon interactionsOn the basis of this treatment we dence of the jet profiles and of the underlying event on the
obtain the following results: fraction of the momentum of the photon going into jets
As expected from studies of photon-nucleus cross seowhich was first observed at HERA, can be expected to be
tions, also particle production off nuclei clearly shows de-present also in photon-nucleus collisions.
creasing shadowing with increasing photon virtualities.
At energies of present fixed target experiments, inclusive
single particle cross sections become proportionalAto

a~1, already aQ?>>1 Ge\? due to decreasing g-nucleon
cross sections with increasirn@?. However, more data on Discussions with F. W. Bopp are gratefully acknowl-
particle production in photon-nucleus collisions would beedged. One of the authofd.R) thanks C. Pajares for the
needed for a detailed investigation of the transition region. hospitality at the University Santiago de Compostela and he

In analogy to observations in photon-proton collisions atwas supported by the Direccion General de Politicia Cienti-
HERA we argue that also in photoproduction off nuclei thefica of Spain. One of the authofR.E) was supported by the
dual nature of the photon and, therefore, pointlike photorDeutsche Forschungsgemeinschaft under contract No. Schi
interactions show up most clearly in hadronic jet production422/1-2.
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