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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 resolvedq q̄ state according to the generalized vector dominance model.

In the description of resolved interactions multiple soft and hard processes in eachq q̄-nucleon 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.
@S0556-2821~98!01805-0#

PACS number~s!: 12.40.Nn, 13.60.2r, 25.20.Lj, 25.30.2c
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I. INTRODUCTION

Many features of high energy photoproduction off ha
rons are well understood within the QCD-improved part
model: the photon may couple directly to a parton of t
hadron~direct processes! or it may enter the scattering pro
cess as a hadronic fluctuation~resolvedprocesses! ~recent
reviews are given in@1,2#!. Since the lifetimes of these had
ronic fluctuations are typically long enough to develop pro
erties of ordinary hadrons they can interact in soft and h
resolved processes@3,4#. The classification into direct an
resolved photon interactions has been confirmed by m
experiments@5–7#. Moreover, it has been shown that bo
classes of processes exhibit different properties concer
multiparticle production@3–5,8,9#. Here, we extend a previ
ous study of photon-nucleus cross sections and their h
energy shadowing behavior@10# to particle production. This
is done by applying the two-component dual parton mo
~DPM! @11–15# to photoproduction off nuclei.

The two-component DPM is based on the DPM desc
ing soft particle production~for a review see@16#! and treats
high-p' processes using lowest order perturbative QC
This model has been proven to be very reliable in describ
the main features of hadron-hadron@12,13#, photon-hadron
@14,15#, photon-photon @15#, hadron-nucleus@17#, and
nucleus-nucleus collisions@17#. Here, the two-componen
DPM is applied to photon-nucleus collisions for the fir
time. The two channels which are of particular importance
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a basis for our present study are hadron-nucleus and pho
hadron collisions.

In hadron-nucleus collisions the multiple interaction pr
cess of the hadron with target nucleons which explains
‘‘shadowing’’ effect is understood in the framework of th
Gribov-Glauber approximation@18–20#. The two-component
DPM incorporates the Gribov-Glauber approximation a
treats each hadron-nucleon interaction by Pomeron
Reggeon exchanges.DTUNUC 2.0, a Monte Carlo~MC! real-
ization of the two-component DPM for hadron-nucleus a
nucleus-nucleus collisions, includes the Glauber formali
@21#, the PHOJETmodel @14,15# for each hadron-nucleon o
nucleon-nucleon collision, a formation zone intranuclear c
cade model, and models for spectator deexcitation and d
tegration@22,23#. As it will be shown further below, results
on particle production in hadron-nucleus collisions obtain
with DTUNUC 2.0 are in good agreement with data.

The description of photon-hadron interactions within t
two-component DPM takes the above mentioned dual na
of the photon into consideration. In analogy to hadro
hadron interactions, the resolved photon interactions are
scribed in terms of multiple soft and hard Pomeron and s
Reggeon exchanges. Parton jet and minijet production in
solved processes as well as direct processes are calcula
lowest order perturbative QCD. The MC realizationPHOJET

has been compared in several applications to photopro
tion data from the DESYepcollider HERA and a reasonabl
agreement was found@8,24,25#.

Using all informations from hadron-nucleus and photo
hadron collisions it can be expected that the two-compon
DPM also gives a reasonable description of multiparti
photoproduction off nuclei up to very high energies. Such
model might be useful for the study of general properties
photon-nucleus interactions as well as for the calculation
theoretical predictions~for example at HERA energies!, cos-
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2890 57S. ROESLER, R. ENGEL, AND J. RANFT
mic ray cascade simulations, or shielding problems at T
lepton colliders.

In Sec. II we summarize the basic ideas of the descrip
of hadron-nucleon and photon-nucleon interactions wit
the two-component DPM. Furthermore, its application
photon-nucleus interactions is presented. In Sec. III we d
onstrate that the model is able to describe characteristic
tures of measured particle production in photon-nucleus
teractions. The nuclear dependence of multiparti
photoproduction off nuclei and direct as well as resolved
production are studied. Predictions for HERA energies
given. Finally, in Sec. IV we summarize our results.

II. THE TWO-COMPONENT DUAL PARTON MODEL

A. Photon-nucleon interactions

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

The physical photon state is approximated as a supe
sition of a bare photon and of virtual hadronic states hav
the same quantum numbers as the photon. The bare ph
may interact in direct processes. This direct contribution
estimated by lowest order perturbative QCD. The inter
tions of the hadronic fluctuations of the photon are cal
resolved processes and are described within the framew
of the two-component DPM in terms of Reggeon a
Pomeron exchanges. We distinguish soft and hard reso
processes according to the transverse momenta of the i
mediate states of the Pomeron exchange graph: By de
tion, scattering processes resulting in at least one parton
ing a transverse momentum larger than a cutoff momen
p'

cutoff53 GeV/c are called hard interactions. All other pro
cesses are classified as soft interactions.

The amplitude describing the scattering of the hadro
fluctuationV with a nucleonN is parametrized using a two
channel eikonal formalism@14,13#. In impact parameter rep
resentation, the amplitude reads@14#

aVN~s,b!5
i

2
~12e2x~s,b!!, ~1!

with the eikonal function

x~s,b!5xS~s,b!1xH~s,b!1xD~s,b!1xC~s,b!. ~2!

Here, thex i ’s denote the contributions from the differe
Born graph amplitudes: soft Pomeron and Reggeon~S!, hard
Pomeron~H!, triple- and loop-Pomeron~D!, and double-
Pomeron amplitudes~C!. The Born graph amplitudes of th
soft processes are calculated using Gribov’s Reggeon
theory @26,19#. Assuming universality of soft interactions
the free parameters of the model~Pomeron couplings
Pomeron intercept, triple-Pomeron coupling, and slope
rameters! have been determined by a global fit topp, p p̄,
andgp cross section and slope data@14#. However this uni-
versality cannot be applied to photon interactions involv
-
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large transverse momenta. Lowest order perturbative QC
used to calculate the resolved and direct hard photon c
sections@14,27#.

The optical theorem relates the total cross section~i.e.
elastic scattering, diffraction dissociation, and nondiffract
inelastic scattering! to the discontinuity of the amplitude~1!
taken at vanishing momentum transfer. At high energies,
discontinuity can be expressed as a sum over terms w
correspond to graphs with a certain number of cut Pomer
~Abramovski-Gribov-Kancheli cutting rules@28#!. Therefore,
one obtains for the exclusive cross section forkc cut soft
Pomerons,l c cut hard pomerons,mc cut triple- and loop-
Pomeron graphs, andnc cut double-Pomeron graphs

s~kc ,l c ,mc ,nc ,s,b!

5
~2xS!kc

kc!

~2xH! l c

l c!

~2xD!mc

mc!

~2xC!nc

nc!
e22x~s,b!

~3!

with

E d2b (
kc1 l c1mc1nc51

`

s~kc ,l c ,mc ,nc ,s,b!5sVN
tot 2sVN

el .

~4!

Both resolved soft and hard interactions are unitarized, i.
singleq q̄-nucleon scattering may be built up of several s
and hard interactions. In contrast to resolved processes
sorptive corrections to direct photon interactions are s
pressed by one order of the fine structure constantaem and
are therefore neglected.

In order to relate the cross sections given in Eq.~3! to
final state parton configurations, we use the equivalence
tween the Reggeon and Pomeron exchange amplitudes
certain color flow topologies@29#. In Fig. 1 the color flows of
single Reggeon~a! and single Pomeron exchange proces
~c! are shown together with the corresponding cuts. Wher
a cut Reggeon yields one color-field chain~string! ~Fig. 1b!,

FIG. 1. Color flow picture of a single Reggeon exchange gra
~a! and the corresponding unitarity cut~b!. In ~c! and ~d! the same
is shown for a single Pomeron exchange.
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TABLE I. Multiplicities of shower particles (b.0.7) in interactions of pions and protons with carbo
copper, and lead nuclei at 50, 100, and 150 GeV are compared to measurements@43#.

ELab550 GeV ELab5100 GeV ELab5150 GeV
DTUNUC 2.0 Exp. DTUNUC 2.0 Exp. DTUNUC 2.0 Exp.

p1-C 7.3 7.6260.14 9.0 9.1960.17 9.9 10.0160.18
p1-Cu 8.6 8.8160.23 10.5 10.4160.27 11.8 11.5760.30
p1-Pb 10.1 10.1160.38 12.2 11.5460.44 14.3 13.0860.50
p-C 7.7 7.8860.15 9.2 9.2560.18 10.3 10.5860.19
p-Cu 9.8 9.5260.24 11.9 11.4060.29 13.3 12.9360.33
p-Pb 11.1 11.3160.43 13.8 15.9 14.9560.57
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a cut Pomeron results in two strings~Fig. 1d! which are
assumed to fragment independently into hadrons. In the la
Nc limit of QCD ~with Nc being the number of colors! the
same color flow picture of the Pomeron is also found in h
interactions.

For Pomeron cuts involving a hard scattering, the par
kinematics as well as the flavors and colors are sampled
cording to the QCD-improved parton model using leadin
order matrix elements. We use the GRV parametrization
the parton distribution functions~PDFs! of the photon@30#
and the nucleon@31#. Both, initial and final state parton
showers are treated. For the latter the Monte Carlo~MC!
realization as implemented inJETSET@32,33# is applied.

In case of Pomeron cuts without large momentum tra
fer, we assume the partonic interpretation of the DPM: h
ronic fluctuations of the photon are split into a quar
antiquark pair whereas baryons are approximated by a qu
diquark pair. The longitudinal momentum fractions of t
partons are given by Regge asymptotics@34–37#. The va-
lence quark momentum fractionx inside a nucleon is
sampled according tor(x);(12x)1.5/Ax whereas the mo-
mentum fraction of a valence quark inside a hadronic fl
tuation of a photon is obtained fromr(x);1/Ax(12x). For
multiple interaction events, the sea quark momenta
sampled using ar(x);1/x behavior. The transverse mo
menta of the soft partons are not predicted by the DP
Here, we assume an exponential distributi
d2Ns /dp'

2 ;exp(2bp'). The energy-dependent slope p
rameterb is obtained requiring a smooth transition betwe
the transverse momentum distributions of the soft const
ents and the hard scattered partons.

For single diffractive and central diffractive processes,
parton configurations are generated using the ideas desc
above applied to Pomeron-photon–hadron–Pomeron sca
ing processes@38#. Hence, a diffractive triple-Pomeron o
loop-Pomeron cut can also involve hard scattering subp
cesses resulting in a rapidity gap event with jets.

All strings are hadronized usingJETSET7.3 @32,33#.
Finally it should be mentioned that the model is limited

photon virtualitiesQ2!s with Q2,9 GeV2 @15#.

B. The event generatorDTUNUC 2.0
for photon-nucleus collisions

The MC event generatorDTUNUC 2.0 for hadron-,
photon-, and nucleus-nucleus collisions is based on its
vious version@39,40# incorporating the following new fea
tures:
ge
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DTUNUC is extended to the description of photoproducti
off nuclei.

Particle production in each photon-, hadron-, a
nucleon-nucleon interaction is based on the MC realizat
PHOJET@14,15# of the two-component DPM which include
multiple soft and hard Pomeron exchanges and diffractio

A formation zone intranuclear cascade is treated in bo
the projectile and target spectators including evaporation
nucleons and light nuclei from excited spectators, spect
deexcitation via photon emission, and fragmentation of lig
spectator nuclei@22,23#.

The generation of a photon-nucleus1 particle production
event proceeds as follows: The treatment of any interac
starts with sampling of an initial spatial configuration a
cording to nuclear densities and of the Fermi momenta of
nucleons. The number of nucleons involved in the scatter
process with the photon is obtained according to the Glau
approximation. We use the MC algorithm of@21#, here ex-
tended to photon projectiles. The inelastic cross section
the scattering of a photon with virtualityQ2 with a nucleusA
at a squared photon-nucleon c.m. energys and at impact
parameterb reads@10#

sgA~s,Q2,b!54paemE
M0

2

M1
2

dM2D~M2!S M2

M21Q2D 2

3S 11e
Q2

M2DsVA~s,Q2,M2,b! ~5!

sVA~s,Q2,M2,b!5E )
j 51

A

d3r jrA~rW j !

3S 12U)
i 51

A

@12G~s,Q2,M2,bW i !#U2D .

~6!

Corresponding to the assumptions of the generalized ve
dominance model~GVDM! ~see for example@3,41# and ref-
erences therein! we integrate in~5! over the massesM of the
hadronic fluctuations of the photon.D(M2) denotes the den
sity of hadronic states per unit mass-squared interval.e is the

1Here, we restrict our discussion to photon projectiles. The tre
ment of hadron-nucleus collisions is similar; the discussion
nucleus-nucleus collisions is not within the scope of this paper
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2892 57S. ROESLER, R. ENGEL, AND J. RANFT
ratio between the fluxes of longitudinally and transversa
polarized photons. Equation~6! relates the inelastic cros
sectionsVA for the interaction of the hadronic fluctuatio
with the nucleus to the amplitudeG for the interaction of the
hadronic fluctuation with a nucleon

FIG. 2. Comparison of model results to data on pion-emuls
interactions@44#. In ~a! shower particle multiplicity distributions are
shown for a laboratory energy of 525 GeV. In~b! pseudorapidity
distributions of shower particles are given for two different en
gies: 60 GeV and 525 GeV.

FIG. 3. Model predictions on transverse momentum distri
tions of p0’s in proton-gold interactions at 200 GeV are compar
to data of the WA80 Collaboration@45#.
y

G~s,Q2,M2,bW !5
sVN~s,Q2,M2!

4pB~s,Q2,M2!
~12 ir!

3expS 2bW 2

2B~s,Q2,M2!
D , ~7!

sVN~s,Q2,M2!5
s̃VN~s,Q2!

M21Q21C2 . ~8!

We refer to@10# for the calculation of theM2-independent
quantity s̃VN , the slopeB, and the parameters entering th
expressions. The integration over the coordinate space in~6!
is performed using one-particle Woods-Saxon density dis
butionsrA @42#. With the impact parameterb and the mass
M of the hadronic fluctuation which are sampled accord
to Eqs. ~5!,~6!, we obtain for the probabilitiespi that an
inelastic interaction between the projectile and nucleoi
takes place@10,21#

n

-

-

FIG. 4. Average numbers of copper nucleons^n t& struck by
projectile pions, real and virtual (Q252 GeV2) photons are given
as function of the projectile laboratory energy~a!. In ~b! and ~c!
average multiplicities of shower^Ns& and heavy particleŝNh& are
presented. Shower particles are defined as singly charged par
with b.0.7. Heavy particles are charged particles withb<0.7
except residual copper nuclei.
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57 2893PHOTOPRODUCTION OFF NUCLEI: PARTICLE AND JET PRODUCTION
pi5G~bW i !1G!~bW i !2G~bW i !G
!~bW i !. ~9!

Note thatbi is the impact parameter for the interaction of t
hadronic fluctuation with the nucleoni for a fixed spatial
configuration of nucleons.

As it has been discussed in Sec. III of Ref.@10#, hadronic
fluctuations withM2.(2p'

cutoff)2 predominantly interact in
pointlike interactions,2 i.e. in direct interactions and in inter
actions which are characterized by the anomalous compo
of the photon PDF. In both cases, the virtuality of theq q̄

system allows to calculate the photon-q q̄ coupling perturba-
tively. We denote the corresponding cross sections withsgN

dir

andsgN
ano and refer to@10# for their calculation within lowest

order perturbative QCD. Here we shall again consider
extreme case that in these processes the hadronic fluctu
of the photon interacts with only one target nucleon. The
fore, in the fractionA•(sgN

dir 1sgN
ano)/sgA

tot of all events only

2Note that in our definition of ‘‘pointlike photon interactions

@10# interactions of low-massq q̄ fluctuations with only one targe
nucleon are not included.

FIG. 5. In ~a! the Q2 dependence of the average number
copper nucleons interacting with the photon^n t& is given for a
photon-nucleon c.m. energy of 150 GeV. In~b! the dependence o
the average heavy particle multiplicity onn t is shown for proton,
pion, real photon, and weakly virtual photon (Q252 GeV2) projec-
tiles at the same energy.
nt

e
ion
-

one hard resolved~representing the anomalous compone!
or one direct photon interaction is sampled.

Furthermore, as for the calculation of cross sections@10#,
the coherence length of the photon is taken into consid
ation which effectively leads to a suppression of the Glau
cascade at low energies. Particle production in each inela
interaction of the photon or its hadronic fluctuation with
nucleon is treated by the MC realizationPHOJETof the two-
component DPM~see Sec. II A!. The photon-nucleon inter
actions are followed by a formation zone intranuclear c
cade in the target spectator and by subsequent evapor
processes of nucleons and light nuclei as well as by spec
deexcitation, and by the fragmentation of light spectator
clei @22,23#.

III. PARTICLE PRODUCTION

For studying photoproduction off nuclei we assume t
logical sequence to be as follows: As mentioned earlier s
hadronic interactions exhibit universal features irrespec
of the nature of the colliding particles. This fact was alrea
emphasized by Engel and Ranft in@15# where the description
of high energy hadron-hadron and photon-hadron inter
tions based on the two-component DPM was extended
photon-photon interactions. Here, we want to proceed in
analogous way. We start from the description of photo
hadron and hadron-nucleus interactions and show that
model may also provide a reasonable description of pho
nucleus interactions.

Photon-hadron collisions have been discussed in
framework of the two-component DPM elsewhere@14,15#.
Furthermore, also numerous studies of hadron-nucleus c
sions within this model exist~see for instance@39,40,17# and
references therein!. Of course for the latter interaction chan
nel it has to be verified that the new version ofDTUNUC is
able to describe the data. Since this has not yet been dem
strated we give a few examples further below.

Based on the reasonable description of these two inte
tion channels the model is then applied to multiparticle ph
toproduction off nuclei. This application may serve as a
vere test of the model since it carries no further freedom

f

FIG. 6. Average numbers of charged hadrons (b.0.7) in
muon-emulsion interaction events at 150 GeV with more than
heavy particles in the final state are given as function of the inve
of the Bjorken-x variable and are compared to data@47#.
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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.
shown for muon-deuterium~a!,~b! and muon-xenon interactions~c!,~d! at 490 GeV and is compared to measurements of the E665 Coll
ration @48#. In ~a! and~c! we give the average multiplicities of all^Nch&, of positively^N1&, and of negativelŷN2& charged hadrons. In~b!
and ~d! the average multiplicities of all charged hadrons are shown for positive^NF& and negativêNB& c.m. rapidities.
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A. Hadron-nucleus interactions

In Table I average shower particle multiplicities calc
lated for interactions of positively charged pions and proto
with different target nuclei at 50, 100, and 150 GeV a
given. Here, shower particles are defined as singly char
particles with Lorentz-b values exceeding 0.7. These resu
are compared to data taken from Ref.@43#. For all configu-
rations there is a reasonable agreement between the c
lated and measured values.

The distribution of the multiplicity of shower particle
produced in interactions of 525 GeV pions in nuclear em

TABLE II. Results on average multiplicities of all charge
^Nch&, positive^N1&, negativê N2&, forward^NF&, and backward
^NB& hadrons (p.200 MeV/c) for muon-deuterium and muon
xenon interactions at 490 GeV are compared to data of the E
Collaboration@48#.

m1-D2 m1-Xe
DTUNUC 2.0 Exp. DTUNUC 2.0 Exp.

^Nch& 7.7 7.8360.07 10.8 9.9960.13
^N1& 4.1 4.1660.05 6.8 6.0060.11
^N2& 3.6 3.6760.05 4.0 3.9960.06
^NF& 4.1 4.6060.05 4.2 4.7060.07
^NB& 3.6 3.2360.04 6.6 5.2960.11
s

ed

cu-

l-

sions is plotted in Fig. 2a. Model results shown as histogr
are compared to data@44#. As this plot demonstrates also th
distribution of the shower particle multiplicity is reproduce
by the model.

Calculated and measured@44# pseudorapidity distribu-
tions of shower particles are shown in Fig. 2b again for pio
emulsion interactions at 525 GeV and, additionally, for
GeV.

The invariantp0 cross section as a function of the tran
verse momentum in proton-gold collisions at 200 GeV h
been measured by the WA80 Collaboration@45#. In Fig. 3
we compare our calculations to these data and find a rea
able agreement. Corresponding to the kinematic cuts of
experiment the pseudorapidity range 1.5<h<2.1 is consid-
ered only.

B. Photon-nucleus interactions

1. General properties of the model

Before comparing model results to data from lepto
nucleus interactions let us first outline differences betwe
hadron- and photon-nucleus collisions with respect to pr
erties of the Glauber cascade and multiplicities at fixed p
jectile energy. In lepton-nucleus interactions the projec
photon has varying energies and virtualities and a dir
comparison with hadron-nucleus collisions would be le
conclusive.

65
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In Fig. 4 we present average numbers of target nucle
interacting with the projectilê n t& and multiplicities of
shower ^Ns& and heavy particleŝNh& ~charged particles
with b<0.7! calculated for pion-, real photon-, and weak
virtual photon-copper interactions at energies of the pro
tile in the nucleus rest system between 10 GeV and 100 T
Differences between then t values for pion and photon pro
jectiles at fixed energy arise from differences between
pion-nucleon cross section and the~averaged over all masse
M ! q q̄-nucleon cross sectionsVN @Eq. ~8!# which enter the
calculations@10#. Since the latter is slightly smaller, the re
photon interacts with less nucleons than the pion.

Furthermore,̂ n t& decreases with the photon virtuality
fixed energy. There are two main effects being respons
for this behavior:

~i! Because of the 1/(M21Q2) behavior of sVN this
cross section decreases withQ2 at fixed M2 and fixed en-
ergy. Moreover, at large photon virtualities interactions
resolved photons with large massesM2 become more impor-
tant leading to a further decrease of the cross sectionsVN
and thereforên t&.

FIG. 8. Pseudorapidity distributions of charged hadro
(b.0.7) from muon-emulsion interactions at 150 GeV are sho
together with data@47#. In ~a! the photon-nucleon c.m. energy rang
is restricted to 9,W,14 GeV. In addition, the pseudorapidity dis
tribution of charged hadrons from pion-emulsion interactions at
GeV is plotted and compared to data@49#. In ~b! the results for
W.10 GeV are given. In both distributions only events wi
Nh>3 are included.
ns

-
V.

e

le

f

~ii ! The fraction of events with pointlike photon intera
tions (n t51) increases with rising photon virtuality.

As an example, this is shown in Fig. 5a for photon-copp
interactions at a photon-nucleon c.m. energy of 150 GeV
energy which could be available in the future for photo
nucleus collisions at HERA@46#. In our model, the average
heavy particle multiplicity is approximately proportional t
n t irrespectively of the nature of the projectile. This depe
dence is shown in Fig. 5b for protons, pions, real and wea
virtual photons (Q252 GeV2). It reflects the fact that the
number of heavy particles depends only on the numbe
nucleons ‘‘knocked out’’ of the target by the projectile an
by subsequent intranuclear cascade processes and not o
ticular properties of the projectile-nucleon interactio
@22,23#.

2. Average multiplicities

Average shower particle multiplicities in interactions
150 GeV muons in emulsions are compared to data@47# in
Fig. 6. Corresponding to the measurements, from the ca
lated events only those with more than two heavy particle
the final state have been taken into consideration. The flu
virtual photons is sampled according to the EPA and to
Q2 dependence of the photon-nucleus cross sections@10#.
The multiplicities are shown as function of the inverse of t
Bjorken x. In this representation the average photon virtu
ity is decreasing from about 8 GeV2 in the lowest bin
(1/xBj,10) to about 0.9 GeV2 in the highest bin@47#. Our
results agree with the data in the kinematic region of pho
production~Q2&4 GeV2, 1/xBj.25! but underestimate the
data for higher virtualities. This fact may indicate that t
PHOJETrealization of the two-component DPM for photon
nucleon interactions fails in describing particle production
interactions of photons with relatively high virtualities at lo
energies. However, whereas the calculations are based i
tal on 50000 events one has to note that the data inc
about 17 events in each 1/xBj bin @47#. Taking into account
that these 17 events involve interactions with six differe
targets~emulsion components! at different collision energies
and photon virtualities one might conclude that the statist
significance of the data is limited.

Finally, we compare our results on multiplicities in muo
deuterium and muon-xenon interactions to data of the E
Collaboration@48#. The experiments were performed with
490 GeV positive muon beam. The kinematic region un
investigation isQ2.1 GeV2, 8,W,30 GeV, xBj.0.002,
and 0.1,n/Em,0.85~with n being the photon energy in th
laboratory!. Furthermore, only charged particles with m
menta p.200 MeV/c in the laboratory frame are consid
ered. We note that although the distribution of photons
leptons decreases with increasingQ2 still a considerable
fraction of all events is characterized by photons with rat
large virtualities. These events cannot be expected to be
scribed reliably within the present approach. In Figs. 7a a
7c the energy dependence of the average total, positively
negatively charged hadron multiplicities are shown. For b
target nuclei the data are well reproduced by the model.
multiplicities of charged hadrons are shown separately
the forward and backward region of the photon-nucleon c
frame in Figs. 7b and 7d. The calculated multiplicities in t
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FIG. 9. Rapidity distributions of positive~a! and negative hadrons~b! from muon-deuterium interactions at 490 GeV are shown toge
with data@48# for different ranges of the virtual photon-nucleon c.m. energyW.
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backward region which are strongly affected by target as
ciated particle production and, therefore, by the laborat
momentum cut applied to the final state hadrons, are slig
higher than the data whereas those in forward direction
lower. Multiplicities averaged over all energies of th
photon-nucleus interaction are compared to the corresp
ing experimental values in Table II.

3. Inclusive particle distributions

In Fig. 8 the model results for the pseudorapidity dist
butions of shower particles from muon-emulsion interactio
at 150 GeV are compared to data again from measurem
by Handet al. @47#. The kinematic range of the experiment
0.6,Q2,21 GeV2 and 2.5,W<16.5 GeV. The distribu-
tions shown for muon-emulsion interaction cover differe
but overlappingW ranges: in~a! data and MC results ar
plotted for 9,W,14 GeV and in ~b! for W.10 GeV
(^Q2&52.7 GeV2). Let us first compare the two data se
which include 43 events in~a! and 47 events in~b! @47#. One
obvious difference is the peak in the distribution in~a! at
h51.25 which is not present in~b!. The only energy range
which is not covered by the data in Fig. 8a as compared to
is 9,W,10 GeV. Therefore, we assume that this peak
due to statistical uncertainties within the experiment~c.f.
o-
y
ly
re

d-

-
s
nts

t

b
s

also our discussion in Sec. III B 2!. Comparing the mode
results to the data we note that agreement within the sta
tical errors is obtained forh.2. Disregarding the above
mentioned peak, at lower pseudorapidities we underestim
the measured distributions slightly. Furthermore the co
parison suggests that both, the measured and calculated
tributions, agree in normalization~i.e. in the average multi-
plicity of shower particles! but the maximum of the
calculated distribution appears at somewhat higher pseu
rapidities than the measured one. In order to understand
discrepancy we compare in Fig. 8a in addition results
pion-emulsion interactions at 60 GeV to data@49#. This en-
ergy corresponds to the average photon laboratory energ
the distribution for the muon projectile in this figure. Th
cuts on both data sample are similar: only events with at le
three heavy particles are considered and shower particle
defined by their Lorentz-b value asb.0.7. Our results for
p2-emulsion interactions agree in shape and in position
the maximum to the data. Therefore and with respect to c
clusions from comparisons with data drawn further below
attribute the discrepancy in the position of the maximum
the statistical uncertainties of the experiment.

Turning again to muon-deuterium and muon-xenon int
actions at 490 GeV we compare in Figs. 9 and 10 rapid
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FIG. 10. As in Fig. 9, here for muon-xenon interactions.
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distributions of positively~a! and negatively charged hadron
~b! in the photon-nucleon c.m. frame to data@48#. The com-
parisons are shown for three ranges of the photon-nuc
c.m. energyW. Taking into account that the treatment
highQ2 values in our model@15# might be too simplified, the
description of the data by the model is satisfactory with
exception of the production of positively charged particles
the target fragmentation region of the muon-xenon inter
tion ~Fig. 10a,y'23!. The peak in the calculated distribu
tions clearly reflects the production of target associated
ticles by intranuclear cascade processes which are prese
the distributions if a momentum cut as low as 200 MeV/c in
the laboratory frame is applied to the results. The multip
ity seen in the target fragmentation region depends stron
on this cutoff. We assume that the differences might be
to additional kinematic cuts applied to the data or due
experimental uncertainties~with respect to the momentum
cutoff! for the following reasons:~i! the models for slow
particle production implemented inDTUNUC 2.0 are in good
agreement with data from hadron-nucleus as well as nucl
nucleus collisions@22,23#, ~ii ! the dependence of shadowin
on the photon virtuality and energy is qualitatively unde
stood within our model and describes corresponding dat
the E665 Collaboration reasonably well@10#, and ~iii ! the
rapidity distributions of negatively charged particles and
on
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e
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-
of

f

positively charged particles outside the target fragmenta
region in muon-xenon interactions and of charged partic
in muon-deuterium interactions agree with E665 data.

Distributions of charged hadrons from muon-deuteriu
and muon-xenon interactions at 490 GeV were measure
function of z5E/n ~E and n being the secondary hadro
energy and the photon energy in the target rest frame, res
tively! by Adamset al. @50#. In Figs. 11a and 11b our result
on the z distributions are shown together with these da
Both, model results and data, are restricted to the shadow
region, i.e. toxBj,0.005 andQ2,1 GeV2. We find a good
agreement in the wholez range.

Feynman-x distributions are usually studied in terms
the one-particle inclusive variableF(xF) defined as

F~xF!5
1

sgA
tot

2E

pW

ds

dxF
, xF5

2pi

W
. ~10!

The quantitiesE, pi , and W5As denote the energy an
longitudinal momentum in the photon-nucleon c.m. syste
and the photon-nucleon c.m. energy, respectively. T
Feynman-x distribution of positively and negatively charge
hadrons is given together with data@51# in Fig. 11c for
muon-deuterium interactions at 147 GeV. Here, the pho
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FIG. 11. Energy (z) distributions of charged hadrons from muon-deuterium~a! and muon-xenon interactions~b! at 490 GeV are
compared to measurements of the E665 Collaboration@50#. Corresponding to the experimental cuts applied to the data the MC result
restricted toxBj,0.005,Q2,1 GeV2, andn.100 GeV. In~c! model results for Feynman-x distributions of charged hadrons from muo
deuterium interactions atELab5147 GeV are compared to data@51#.
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virtualities are restricted to the range 0.5,Q2,3 GeV2 and
the photon-nucleon c.m. energies toW.10 GeV.

Finally, we compare in Fig. 12a the transverse momen
distributions of charged particles in different ranges ofxF
again to data on muon-deuterium interactions from Ref.@51#.
Our results are presented as histograms whereas fits to
suredp' distributions are shown as continuous lines. T
experimental uncertainties are increasing withp' and are at
least of the order of the differences between the fits for p
tive and negative particles@51#. They do not allow to draw
conclusions concerning the disagreement between m
predictions and data at large transverse momenta. The de
dence of the average transverse momenta of charged
ticles onxF is shown in Fig. 12b.

4. The nuclear dependence of particle production

In order to study the dependence of particle production
the mass numberA of the nuclear target, inclusive singl
particle cross sections, like pseudorapidity (ds/dh), trans-
verse momentum (ds/dp'

2 ), or Feynman-x distributions
(ds/dxF), are usually fitted to aAa behavior. In the projec-
tile fragmentation region of photon-nucleus collisions we e
pecta to approach unity~i! for smallq q̄-nucleon cross sec
tions, such as at low energies or forQ2.0, ~ii ! at high
energies for interactions becoming more pointlike, and~iii !
at large transverse momenta due to hard interactions. In
m
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fragmentation region of the target nucleusa can exceed the
value of one due to the formation zone intranuclear casca
an effect being outside the scope of the present paper. H
we restrict our discussion to the photon fragmentation
gion.

In Fig. 13 we show fits to results of the model on inte
actions of real and weakly virtual photons (Q251 GeV2)
with carbon, aluminum, copper, silver, xenon, and go
Only charged particles with Lorentz-b.0.7 ~shower par-
ticles! are taken into consideration. The dependences ofa on
the pseudorapidity~a!, on the transverse momentum~b!, and
on the Feynman-x variable ~c! are plotted for a laboratory
energy of 250 GeV. At all values of the studied variablesa is
larger for virtual than for real photon projectiles. This stro
gerA dependence of the cross sections for virtual photon
due to theQ2 dependence of the effectiveq q̄-nucleon cross
sectionssVN @Eq. ~8!#. It demonstrates that the previous
discussed property of the model, theQ2 dependence of shad
owing ~see Fig. 5!, is clearly visible also in inclusive particle
distributions. It might be interesting to study this effect al
experimentally.

C. Jet photoproduction off nuclei at HERA energies

Studying jet production in direct and resolved phot
events ingp interactions striking differences have been o
served by the experiments@5,8,9#. Therefore one can expec
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to observe similar effects when comparing pointlike and
solved photon processes in photon-nucleus interactions
the following, properties of hadronic jets produced in inte
actions of real photons with nuclei are studied at energ
which might be reached with nuclear beams at HERA. A
suming nuclei with equal numbers of protons and neutr
the nuclear beam will have an energy per nucleon of 4
GeV @46#. With an average photon energy of about half
the electron energy~27.6 GeV! the photon-nucleon c.m. en
ergy will be about 150 GeV.

Before discussing jet production let us first compare tra
verse momentum distributions of charged particles in prot
and photon-nucleus collisions. They very clearly reflect d
ferences between interactions with proton and the pho
projectiles which are responsible for characteristic featu
of jet production in photon-nucleus collisions. As shown
Fig. 14 thep' distribution of charged particles for photo
projectiles exhibits a less rapid decrease and extend
higher transverse momenta than the one for hadron pro
tiles. This property was already discussed in@15# comparing
hadron-hadron, photon-hadron, and photon-photon inte
tions. The reasons are~i! the photon may interact in direc
processes, and~ii ! the photon PDFs are ‘‘harder’’ as com
pared to the proton PDFs.

FIG. 12. In ~a! transverse momentum distributions of charg
hadrons from muon-deuterium interactions at 147 GeV are
sented for different Feynman-x ranges. The model results~histo-
grams! are plotted together with fits to data as given in@51#. In ~b!
the xF dependence of the average transverse momenta of cha
hadrons are compared to data@51#.
-
In
-
s
-
s
0
f

-
-

-
n
s

to
c-

c-

e-

ed

FIG. 13. The powera of the nuclear dependence of inclusiv
charged particle cross sections is shown as function of the pse
rapidity ~a!, the transverse momentum~b!, and the Feynman-x vari-
able~c! for real photon and weakly virtual photon projectiles of 25
GeV laboratory energy.

FIG. 14. Transverse momentum distributions of charged h
rons from proton- and photon-carbon interactions at a prot
nucleon and photon-nucleon c.m. energy of 150 GeV.
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As it has been shown in the analysis of data from HER
on photon-proton collisions@52# the study of jet production
may give evidence for the subdivision into direct and
solved photon interactions. Therefore it can be expected
differences between hadron-nucleus and photon-nucleus
lisions and characteristic features of pointlike photon int
actions emerge most clearly in a study of jet production.
the following, all observables used refer to the photo
nucleon c.m. system. Particle jets are defined accordin
the Snowmass convention@53#. In the plane of pseudorapid
ity h and azimuthal anglef a jet is defined as a collection o
particles contained in a cone of radiu
R5A(Dh)21(Df)251. The jet transverse energyE'

jet is
taken as the sum of the particle transverse energies insid
cone. The jet pseudorapidityh jet is calculated as
E'-weighted average over the pseudorapidities of the p
ticles belonging to the jet.

In Fig. 15a we compare the transverse energy distri
tions of jets from proton-carbon and photon-carbon inter
tions. Similar to proton-proton and photon-proton intera
tions @15#, the E'

jet distribution extends to higher transver
energies for photon-nucleus collisions as compared
proton-nucleus collisions. Differences between the two ch
nels are even more pronounced within the pseudorapi

FIG. 15. In~a! transverse energy distributions are presented
hadronic jets from proton-carbon and real photon-carbon inte
tions at an energy of 150 GeV in the proton-nucleon and pho
nucleon c.m. system. In~b! the pseudorapidity distributions of th
jet axes are shown for two lower cuts in transverse energy.
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distributions of the jet axes. This is shown in Fig. 15b for je
with transverse energies higher than 6 GeV and 10 GeV.
initially mentioned, since the PDFs of the photon are har
than the PDFs of the proton and due to the pointlike pho
interactions we obtain in photon-nucleus collisions consid
ably more jets in forward direction (h jet.0). In backward
direction the soft underlying event, being more pronounc
for proton projectiles, is responsible for a higher jet rate.

The kinematic regions of jets from direct and resolv
photon interactions might be separated if jet production
analyzed as function of

xobs5
E'

jet1eh jet1
1E'

jet2eh jet2

2Eg
. ~11!

Eg denotes the photon energy.xobs can be considered as a
estimate for the fraction of the projectile momentum enter
the hard scattering @8,54#. In Fig. 16a we show
xobs-distributions for proton-carbon, photon-carbon, a
photon-sulfur interactions. Pointlike photon interactions co
tribute exclusively to the regionxobs.0.6. The specific prop-
erties of jets and of the underlying event are usually stud
in terms of jet profiles. This is shown for photon-carbo
interactions and differentxobs bins in Fig. 16b where we plo
the average transverse energy as a function of the distan
pseudorapidity from the jet axis. Since in direct photon
teractions there is no photon remnant which could contrib
to the jet pedestal, the transverse energy outside the je
decreasing with increasingxobs. Of course, as the mass num
ber of the target nucleus increases the soft underlying e
becomes more pronounced, i.e. the average transverse e
of the jet pedestal increases. This is demonstrated in Fig.
for four different target nuclei. Here, all jets wit
E'.6 GeV are included.

IV. SUMMARY AND CONCLUSIONS

The two-component dual parton model is applied to m
tiparticle photoproduction off nuclei. By incorporating th
PHOJET event generator for hadron-nucleon and photo
nucleon interactions, it is now possible to describe with
event generatorDTUNUC 2.0 consistently cross sections an
particle production in high energy hadron-nucleus, real a
weakly virtual photon-nucleus, and nucleus-nucleus co
sions~the latter are not discussed in this paper!.

In @10# it has been shown that the model correctly d
scribes the shadowing behavior of high energy phot
nucleus cross sections. Based on this fact and on the ov
good agreement of model results and data in all main asp
of particle production in photon-hadron and hadron-nucle
collisions no further freedom exists in the model for its a
plication to multiparticle photoproduction off nuclei. It i
therefore a severe test of the model. Unfortunately, onl
few data are available in the kinematic regionQ2!s,
Q2,9 GeV2 to which the predictions ofDTUNUC 2.0 can be
compared. As discussed in this paper, model results
qualitatively consistent with many features of these data.

Within the model the photon is treated~i! as a resolved
q q̄ state interacting with target nucleons according to

r
c-
-
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FIG. 16. Dependence of jet production on the fraction of the projectile momentum carried by the jets (xobs) at a proton-nucleon and
photon-nucleon c.m. energy of 150 GeV: In~a! thexobsdistributions of proton- and real photon-carbon and of real photon-sulfur interac
are plotted. Jet profiles as function of the distance in pseudorapidity from the jet axis are presented in~b! for different xobs bins. In ~c! the
jet profiles are shown for different target nuclei and allxobs values.
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GVDM and the Gribov-Glauber approximation in multip
soft and hard scattering processes and~ii ! as a pointlike ob-
ject interacting in a single hard scattering with one tar
nucleon~anomalous component of the photon PDF and
rect photon interactions!. On the basis of this treatment w
obtain the following results:

As expected from studies of photon-nucleus cross s
tions, also particle production off nuclei clearly shows d
creasing shadowing with increasing photon virtualities.

At energies of present fixed target experiments, inclus
single particle cross sections become proportional toAa,
a'1, already atQ2.1 GeV2 due to decreasingq q̄-nucleon
cross sections with increasingQ2. However, more data on
particle production in photon-nucleus collisions would
needed for a detailed investigation of the transition regio

In analogy to observations in photon-proton collisions
HERA we argue that also in photoproduction off nuclei t
dual nature of the photon and, therefore, pointlike pho
interactions show up most clearly in hadronic jet producti
t
i-

c-
-

e

t

n
.

As examples we present transverse energy and pseudor
ity distributions of jets and we study jet profiles in re
photon-nucleus collisions at energies which might
reached with nuclear beams at HERA. The strong dep
dence of the jet profiles and of the underlying event on
fraction of the momentum of the photon going into je
which was first observed at HERA, can be expected to
present also in photon-nucleus collisions.
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