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Chapter 1

Introduction

Cosmic rays enter the Earth’s atmosphere with energies varying over a wide range. Their
spectra approximately exhibit a power-law decrease with increasing energy [1,2]. Due
to geomagnetic shielding the lower energy limit of the spectra on top of the atmosphere
depends on the geographical location and direction of incidence [3,4]. The highest cosmic
ray energies observed so far are of the order of 10*° eV [5]. Below about 100 TeV cosmic
rays consist mainly of hydrogen and helium nuclei. But also heavier nuclei like carbon or
iron and photons contribute [1,2,6].

Depending on the interaction cross sections cosmic ray nuclei undergo inelastic colli-
sions with air nuclei in the upper atmosphere. As a result a large number of hadrons and
nuclear fragments emerge from the interaction moving approximately in the direction of
the cosmic ray projectile. In subsequent collisions, decays and other energy loss processes
of produced secondaries a shower of particles is built up (cosmic ray cascade, a review
on this subject is given in [1]). Commonly, hadronic and electromagnetic shower com-
ponents are distinguished. The latter originates from the hadronic component through
electromagnetic processes initiated by secondaries (particle decays, bremsstrahlung etc.).
Although existing, the production of hadrons in interactions of leptons and photons with
air nuclei is much less pronounced.

Of course, not all the produced stable hadrons eventually reach the ground. Most of
them are absorbed shortly after creation leading to exponentially decreasing hadron yields
with increasing vertical depths in the atmosphere [7]. For a steep primary spectrum the
properties of a cosmic ray shower at sea level depend strongly on those secondary particles
(and the mechanisms of their production) which still possess a significant fraction of the
energy of the “parent” projectile hadron or nucleus. Thus the behavior of inclusive cross
sections in the forward (projectile) fragmentation region is essential.

There are many motivations for experimental and theoretical studies of cosmic ray
induced showers [1]. They range from investigations of cosmic ray origin, propagation,
and acceleration over fundamental particle physics to such practical applications like the
estimation of the radiation level at aircraft altitudes (for the latter topic see [8,9] and
references therein). Measurements are generally difficult and suffer often from technical
problems like non-stationary experimental conditions in balloons and aircrafts or poor
statistics due to the steep primary spectrum. For this reason theoretical studies of cosmic
ray cascades are of particular importance.

Due to the complexity of physical processes in a cosmic ray cascade such theoretical
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studies are mostly based on Monte Carlo (MC) formulations of models for the different
interaction mechanisms [10-15]. For example, models for high-energy inelastic collisions of
hadrons and nuclei can be tested against data from a wealth of measurements performed
at high-energy accelerators. Collider experiments are often limited to the central rapidity
region of the interaction whereas in cosmic ray cascades the forward fragmentation region
is important. However, it should be expected that a model which provides a reasonable
description of experimental data also gives reliable predictions for kinematic regions being
experimentally less well-explored.

In this work three aspects of high-energy nuclear collisions being important in the
description of cosmic ray cascades are discussed:

1. Hadronic interactions of photons with nuclei.

They may happen, for instance, if high-energy cosmic ray photons enter the atmo-
sphere. In this case the calculated properties of the whole hadronic cascade de-
pend on the description of the primary photon—nucleus interaction. As mentioned
above they also constitute the link between the electromagnetic and hadronic com-
ponents of a shower. Furthermore a reliable description of hadronic lepton— and
photon—nucleus interactions is important for the understanding of data in cosmic
ray experiments. For instance, the detected muon yields and energy spectra in deep-
underground experiments have to be related to the atmospheric shower in which
these muons were produced. This requires also the knowledge of the energy loss in
photonuclear interactions during the passage of the muons through the rock [16].

2. Single diffractive hadron—nucleus collisions and hard diffraction.

There are two possibilities for a high-energy single diffractive interaction of a cos-
mic ray proton with an air nucleus: either the proton is quasi-elastically scattered
whereas the hit air nucleus decays diffractively or, vice versa, the cosmic ray pro-
ton decays leaving a quasi-elastically deflected air nucleus. Both cases contribute
to the forward fragmentation region and may influence the properties of a cosmic
ray shower [17,18]. The production of particles with large transverse momenta with
respect to the collision axis (particle jets) in the diffractively decaying system is
called “hard diffraction”. Hard processes in diffractively decaying projectiles might
also affect features of the shower.

3. Projectile and target associated particle production.

For example, consider the interaction of a cosmic ray iron nucleus with an air nucleus
in the rest frame of the iron nucleus: In the course of the interaction a large number
of hadrons (mostly nucleons, but also pions and kaons) and nuclear fragments are
produced with very small energies (the so-called “projectile associated particles”).
Transforming the momenta of these particles into the laboratory system of the
cosmic ray interaction, i.e. the air nucleus rest frame, they appear in the very forward
direction of the cascade. Their energies are comparable or even higher (due to
Fermi-momenta) than the energy of the projectile nucleons. In addition, projectile
associated mesons may decay giving rise, for instance, to high-energy muons. Thus
it is evident that many aspects of cosmic ray cascades can only be predicted reliably
if these projectile (target) associated processes are taken into account.
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The choice of these three aspects of nuclear interactions of relevance to cosmic ray
cascades primarily arose from a lack of MC formulations of models for these processes.

e Since the first MC description for photoproduction off nuclei by Ranft and Nel-
son [19], high-energy particle production in these processes has not been described
in more detail on a MC basis. In view of recently obtained information, both ex-
perimentally and theoretically, on photoproduction in photon-proton and photon—
nucleus collisions (recent reviews are given in [20-23]) it was tempting to combine
them in a MC model. In particular, during the last years the two-component Dual
Parton Model (DPM) [24] turned out to provide a successful description of many as-
pects of hadron—hadron [25-31], photon-hadron [32-34], photon—photon [33], hadron
nucleus and nucleus—nucleus [35,31] collisions. It allows to calculate cross sections
and particle production in a consistent way. As discussed in this work, it has now
also been extended to photon—nucleus interactions [36,37].

e Concerning single diffractive hadron—nucleus collisions only a few experimental data
are presently available [38,39]. Theoretically these processes have been studied by
several authors [40-46]. However, no detailed MC formulation as needed for cosmic
ray cascade calculations was available. Again, since the two-component DPM has
recently been shown to give a reliable description of single diffractive hadron-hadron
collisions [28,47] it was chosen for the study [48,49] to be described further below.

e There are several models for high-energy hadron—nucleus and nucleus—nucleus col-
lisions used in the description of cosmic ray cascades (for instance the models dis-
cussed in Refs. [12,50-53,14,31,15]). However, they either do not treat projectile
and target associated particle production at all or, with respect to nuclear specta-
tor fragmentation, in a very approximate manner only. Therefore, in this work the
formation zone intranuclear cascade model is extended from hadron—nucleus [54,55]
to nucleus—nucleus collisions and excitation energies of spectator prefragments are
calculated [56,57]. This extension together with models for evaporation processes as
well as spectator fission and fragmentation are implemented into the two-component
DPM formulations of Refs. [31,37] and are applied to cosmic ray cascades calcula-
tions for the first time [56-58].

It should be emphasized that the study of these three aspects of nuclear collisions is not
only of interest for cosmic ray interactions in the atmosphere. In many other applications
the discussed models may help to understand experimental observations or in designing
future accelerators.

For example, the experimental study of photon-—nucleus collisions using the HERA-
collider at DESY is presently under discussion [59]. In those experiments soft multiparticle
photoproduction off nuclei (i.e. the production of particles with low transverse momenta)
will constitute the main background process and has to be considered in the extraction
of information on jet production. Since the photon—nucleus interaction model proposed
in this work contains a description of both, soft as well as hard photoproduction, its
application to these interactions might be interesting. Furthermore background radiation
studies for a future muon collider at Fermilab [60,61] require a precise knowledge of
photon—nucleus interactions since hadronic interactions of high-energy muons with nuclei
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proceed mainly via photons emitted by the muons. Again, the discussed model may also
provide valuable information for these studies.

A detailed description of projectile associated particle production is necessary in back-
ground radiation and beam dump studies for heavy-ion accelerators like the LHC at CERN
or the RHIC at BNL. Calculations of radiation fields include estimations of deeply pen-
etrating particle cascades in shielding materials, a problem similar to the calculation of
cosmic ray cascades in the atmosphere. Finally, predictions on nuclear fragment produc-
tion are often important for heavy-ion experiments in order to simulate the performance of
detector components in the forward or backward directions like Zero Degree Calorimeters.

The thesis is organized as follows. In Chapter 2 the description of photoproduction
off nuclei in the framework of the two-component DPM is discussed. The first part of
this chapter covers the basic ingredients used for its extension from photon-hadron and
hadron—nucleus to photon—nucleus collisions. In particular, it gives a short account on the
Generalized Vector Dominance Model and sketches the fundamental ideas underlying the
two-component DPM. Furthermore the treatment of photon—nucleon interactions is briefly
summarized. The second part includes a detailed discussion of results on photon—-nucleus
cross sections and the high-energy nuclear shadowing behavior as well as the application
of the two-component DPM to multiparticle photoproduction off nuclei. Model results
on particle production in collisions of real and weakly virtual photons with nuclei are
compared to data and predictions for jet photoproduction off nuclei at HERA-energies
are presented.

Chapter 3 describes the treatment of single diffractive hadron—nucleus collisions. Both,
cross sections and particle production are discussed and compared to experimental data.
In addition, this chapter details a possible treatment of hard diffractive processes in-
cluding a discussion on parton distributions in the pomeron and hard diffractive particle
production.

Projectile and target associated particle production is subject of Chapter 4. It starts
with a summary of the formation zone intranuclear cascade model for hadron—nucleus in-
teractions and describes its extension to nucleus—nucleus collisions. Excitation energies of
prefragments are calculated which serve as input for a description of their further disinte-
gration. This disintegration is treated by applying MC models for evaporation processes,
high-energy fission, and the fragmentation of light prefragments. In a detailed comparison
with data it is shown that the discussed models provide an adequate description of target
associated particle production. Furthermore applications to the description of cosmic ray
cascades are discussed. Finally, in Chapter 5 results are summarized.
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Chapter 2

Photoproduction off Nuclei

In this chapter the description of interactions of real and weakly virtual photons with
nuclei is discussed in the framework of the two-component DPM. In particular, the pho-
toproduction limit

x—0 and Q*—0 at fixed v (2.1)

is considered. Here Q, v and z denote the virtuality of a photon, its energy in the nu-
cleus rest frame and the Bjorken scaling variable (z = Q%/(2myv), with my being the
nucleon mass), respectively. In order to illustrate the validity range of the model, a com-
mon classification scheme of photon—nucleus collisions is sketched first. This classification
is based on different interaction mechanisms which might be responsible for the charac-
teristic behavior of the ratio of the structure functions of nucleus A and of deuterium
Ry = Fj'/FP.

As it has been first demonstrated by the EMC-Collaboration [62], the structure func-
tion of a bound nucleon differs from that of a free nucleon due to the nuclear environment.
The whole kinematic region is commonly subdivided into different z-ranges (for example
see [22,63] and references therein, see also Fig. 2.1):

e £ <0.05 (Ra < 1): Shadowing region. One possible explanation for the behavior
of R4 in this region is based on the assumption that the photon fluctuates from
its point-like, “bare photon” state into a superposition of vector mesons which then
interact strongly with nucleons. The multiple scattering process of the hadronic fluc-
tuations with target nucleons is described in the framework of the Gribov—Glauber
approximation [64—66].

e 0.1 <z<0.2 (R4 >1): Anti-shadowing region. Anti-shadowing can be described,
for instance, in the framework of a Regge-model [67]. There, the enhancement is
understood as due to the phase of secondary Regge-trajectories.

e 0.3<2<0.8 (R4 <1): EMC-effect. This effect indicates that the valence quark
distribution in bound nucleons is depleted with respect to that in a free nucleon.
Several models have been proposed to explain this effect, both from a hadronic and a
partonic point of view. For instance, the depletion of the valence quark distribution
can be caused by an excess of virtual pions in the nucleus carrying a fraction of the
nucleon momentum and, therefore, of the valence quarks. Other attempts explain
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the EMC-effect by an increased quark confinement region or in terms of quark
clusters.

e 0.8 <z <1 (R4 >1): Fermi-motion. Experimentally, the Bjorken-z variable is de-
termined assuming the nucleons to be at rest. The measured structure function is
the convolution of the bare nucleon structure function with the Fermi-momentum
distribution leading to an increase of the valence parton density in this region.

e 1<z <A (Rs>1): Cumulative effect. It appears in rather rare events and can
be ascribed to collective effects.

E665-Collab. (Ca) tk—
1.3 NMC-Collab. (Ca) re—
SLAC E139-Collab. (Fe) re—
1.2 - -
Fermi
1.1+ anti-shadowing -
R4 [
1 ...................... g{[ P J[IIIEI}§§ §ﬁ§1 ...... -l
% =* $ Figure 2.1: Ratio of
09 r € .
) ,:ir % s F § the structure functions
0.8 —ﬁ[ % L3 _ of calcium [68,69] and
shadowing EMC-effect iron [70] to the deu-
0.7 e e e terium structure func-
0.001 0.01 0.1 1 tion.

X

The two-component DPM model for high-energy photon—nucleus collisions discussed in
this chapter is limited to the description of interactions in the shadowing region (including
the photoproduction limit) which satisfy the following kinematic bounds

v 210 GeV, Q* <9 GeV? and Q* < 2myv . (2.2)

It covers the majority of high-energy hadronic interactions induced by photons in particle
cascades in matter (for instance the atmosphere) and is therefore well suited to be applied
in the simulation of such cascades.

The organization of this chapter follows from the logical sequence in the development
of the model. Whereas the basic theoretical ingredients are collected throughout Sections
2.1 to 2.3, the application to photon—nucleus collisions and the main results of this study
are presented in Sections 2.4-2.7.

The photon and its hadronic properties (irrespective of the nature of the target) are
subject to Sec. 2.1 where some aspects of the Generalized Vector Dominance Model are
recalled. The main assumption is that the photon interacts with a certain probability
via quark-antiquark fluctuations. Sec. 2.2 summarizes the basic ideas and phenomeno-
logical concepts which underlie the understanding of hadronic collisions within the two-
component DPM in general. The description of photon—nucleon interactions is discussed
in Sec. 2.3. Here, the main ingredients of the model and the basic formulas describ-
ing photoproduction off nucleons are collected. In particular, the calculation of total
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photon—nucleon cross sections is summarized which are used to calculate cross sections
for photon—nucleus interactions. They are obtained in Sec. 2.4 on the basis of the Gribov-
Glauber approximation and are compared to experimental data. Particular emphasis is
put on modifications of the Gribov—Glauber formalism in order to take point-like photon
interactions into account. Furthermore the influence of point-like processes on the be-
havior of total cross sections and nuclear shadowing at high energies is studied. Sec. 2.5
details the description of multiparticle photoproduction within the two-component DPM
and gives a short account on the implementation in the event generator DTuNuUC 2.0. In
Sec. 2.6 model predictions are compared to data on particle production in photon—hadron,
hadron—nucleus and photon—nucleus collisions. In addition, the nuclear dependence of par-
ticle production is discussed. Finally, jet photoproduction off nuclei is subject to Sec. 2.7
where predictions for HERA-energies are given.
Results discussed throughout this chapter are published in [36,37].

2.1 Generalized Vector Dominance Model

It is a well-known feature of high-energy photon induced interactions that they bear
a remarkable resemblance to purely hadronic interactions. Apart from a scale factor
of the order of the fine-structure constant a,, in the cross section, particle production
processes show, for instance, almost the same energy and angular dependences. The
simplest approach explaining these similarities is based on the assumption that the real
or virtual photon fluctuates with a probability of the order of aey, into one of the three
vector mesons p°, w and ¢ which subsequently undergoes a hadronic interaction (Vector
Dominance Model, see [71] and references therein). This fact can be expressed in terms of
the following relation for the amplitude of the photon-nucleon scattering process (s and
t being the Mandelstam variables of this process)

2
e my

A’YN—>X(57t7 Q2) = Z AVN%X(Sat) (23)

vine fv o my + Q2 —ilymy

where all the dependence on the photon virtuality Q? is contained in the vector meson
propagators. Here my, I'y and e/ fy, are the mass, decay width and coupling constant of
the vector meson V', respectively.

However, it is already obvious from Eq.(2.3) that, as soon as for instance the photon-
virtuality increases, vector mesons or, more generally, hadronic quark-antiquark fluctu-
ations with higher masses have to be taken into consideration. This approach is called
Generalized Vector Dominance Model (GVDM). Comprehensive reviews of the GVDM
are given in [72,73]. Here, only a few aspects being relevant to further discussions are
repeated.

Denoting the photon momentum in the rest system of the target with E, the difference
between the photon energy (v = «/—Q? + k?) and the energy of the hadronic fluctuation
(E =+M? + k?) becomes
M? + Q7

2v '

AE=E—vr (2.4)
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The hadronic fluctuation will then extend over a distance (the “coherence length”)

1 2 1 1
Y= . (2.5)

M? Q%) = At~ =
(M7, Q) t AE  M?+Q@Q> myx 14+ M?2/Q?

This relation implies that (i) the coherence length does not depend on the target, (ii) it
increases linearly with the photon energy and (iii) at fixed photon energy it may become
small for high-mass fluctuations or large photon virtualities. In order to guarantee the
GVDM picture of the scattering process the coherence length has to exceed the typical
interaction length (for nucleons ry ~ 1 fm).

Within the GVDM the virtual photon—nucleon cross section for transversely polarized
photons reads

2 2 2
(™) (. 2 e My, (T (02 12
o~ (S, = —_— ——— | oun(s, Q°, M{ 2.6
D@ =% (1) (5rigs) ki@ 26
where the sum extends now over the vector mesons Vi, Vo, ..., V7. In the cross section (2.6)

the possibility of interference between different vector states (VN — V'N with V # V') is
excluded (diagonal GVDM), whereas off-diagonal models include these interference terms.
Alternatively, the sum in Eq.(2.6) can be turned into an integral over the mass of the
hadronic fluctuations (gg-states). The total photon—nucleon cross section is defined by
the nucleon structure function F.¥ using the following convention [74]
AT vy

onen (5, Q%) = szN(%QQ) (2.7)

and can be expressed by a spectral relation of the form [75,23]
2 ME o 2 M? ’ Q? 2 2r2
O',Y*N(S, Q ) = 47raem /Mé dM D(M ) m 1+ GW O'VN(S, Q ,M ) . (28)

The factor D(M?) incorporates the density of gg-states per unit mass-squared interval
and the mass-dependence of the coupling (f*(M?) ~ M?):

Re+o- (MZ)
1272M2

_ M?2
D(MQ) _ Roto (MQ) _ Oete —)hadrons( ) ~ 326; ' (2'9)
!

Oet et (M)

The sum involves the squared quark charges of all quark flavors f being energetically
accessible. The quantity oy y is the effective cross section for the interaction of a gg-state
of mass M with a nucleon. With increasing M the virtuality of the quark and antiquark
of the qg-state increases. As a consequence the transverse size of the hadronic fluctu-
ation and, hence, oy y decreases approximately like 1/M? at large M? [73,76] (see also
Sec. 2.4.1). The different Q?-behavior of the cross sections for the scattering of transversely
and longitudinally polarized photons accounts for the term eQ?/M? in Eq.(2.8). € is the
ratio between the photon fluxes of longitudinal and transverse polarization. The lower
integration limit M corresponds to the kinematical threshold. Alternatively, the contri-
butions from p°, w and ¢ could also be added as separate terms to the mass-continuum.
In this case the integration would start at mi [23,77]. The upper limit M? is usually set
at a value of the order of s. However, its actual value has practically no influence on the
results at low and moderate Q2 since high M?2-values are strongly suppressed in this case.
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2.2 Two-Component Dual Parton Model

At present Quantum Chromodynamics (QCD) appears as the accepted theory of strong
interactions. Classically, it is a scale invariant theory characterized by a dimensionless
coupling constant. However, due to renormalization scale invariance is broken and the cou-
pling becomes scale-dependent. In particular, it increases with the characteristic length
scale of the interaction.

Most of the particles produced in high-energy collisions have small transverse momenta
with respect to the collision axis (soft processes). Soft hadron dynamics involves length
scales of about 1 fm corresponding to coupling constants g, of the order of unity. Hence
perturbative QCD is not applicable to soft physics.

A new method of expansion has to be found. Generalizing QCD from a gauge group
SU(3) to SU(N,) (with N, being the number of colors) it can be shown that in the
large N, -limit 1/N, may serve as an alternative (artificial) expansion parameter [78].
Phenomenologically, it is more appropriate to consider a limit where quarks and gluons
are treated similarly. Consequently, also the number of flavors Ny should be allowed
to become large (Veneziano limit: N, — oo, N./Ny=const, g>NZ?=const) [79,80]. Each
diagram of the SU(NV,) gauge theory constructed in this way can be characterized by a two-
dimensional surface. Regrouping the Feynman expansion according to surface topologies
one obtains an expansion in topologies where subsequent terms are suppressed by an
additional factor 1/N?. Correspondingly, for 2 — 2 scattering amplitudes the leading term
has a planar topology and the second term the topology of a cylinder. The topological
expansion combined with constraints of unitarity and duality is called Dual Topological
Unitarization (DTU) scheme [81-83].

Another, completely different approach to describe scattering processes originates in
the work of Regge [84]. He demonstrated that for a wide class of potentials the non-
relativistic potential scattering amplitude has poles in the complex angular momentum
plane which characterize the scattering process. In the language of high-energy interac-
tions this observation can be formulated in the following way (a comprehensive review is
given in [85]). To be definite, let AB — A'B’ be the scattering process of particles A and
B in the s-channel. Then, assuming such general properties of the scattering amplitude
like analyticity (in the Mandelstam variables s, ¢ and u), it can be shown that the high-
energy behavior of the amplitude in the s-channel is governed by intermediate resonances
(i.e. pole contributions) in the t-channel AA’ — BB’. Furthermore it is possible to group
these resonances together to form so-called Regge-trajectories, or reggeons (with definite
quantum numbers according to the resonances belonging to a trajectory). Thus, within
Regge theory the s-channel scattering process is described by the exchange of reggeons.
The reggeon determining the s-dependence of the amplitude in the limit of high energies
is called pomeron. A systematic attempt to impose unitarity on the scattering amplitude
is a multiple scattering approach (i.e. the exchange of multiple reggeons) known as Gri-
bov’s reggeon field theory (RFT) [86,87]. It provides a general method for the evaluation
of diagrams involving multiple reggeon exchanges.

As it has been shown in [88] there exists a one-to-one correspondence between the
terms in the topological expansion of QCD and the diagrams of RF'T. This correspondence
allows, for instance, to estimate the relative sizes of the different terms in the topological
expansion by means of perturbative RF'T. On this basis, the planar topology is associated
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with reggeon exchange and the cylindrical topology with pomeron exchange (see Fig. 2.2).
Although reggeon exchange corresponds to the leading term in the topological expansion,

q —

/\
— - —
q N

Figure 2.2: a) Graph with
q QJ planar topology (reggeon ex-
- change), b) graph with cylin-
qq M drical topology (pomeron ex-
a) b) change).

it depends on s like 1/4/s. Therefore the dominant contribution to the elastic scattering
amplitude at high energies comes from pomeron exchange.

The DPM (a review is given in [24]) incorporates these approaches and provides a
complete, phenomenological description of soft scattering processes. In particular:

e It receives its basic ideas and motivation from the DTU scheme. The relative weights
of each term in the topological expansion are obtained from perturbative RFT in
a suitable approximate parametrization. Perturbative RFT allows to compute the
cross section for a given number £ of inelastic collisions and an arbitrary number
of elastic rescatterings which corresponds to k£ “cut” pomerons (see Sec. 2.3.2). Its
correspondence to a diagram in the topological expansion essentially determines the
topology of such an inelastic event: a cut pomeron is associated with two “chains”
of hadrons.

e It incorporates the partonic structure of hadrons. Each event (for instance an event
with k£ cut pomerons) is treated in two steps: (i) separation of color in the col-
lision (a baryon/meson is assumed to consist of a valence quark and a valence
diquark/antiquark and a certain number of sea gg-pairs) and (ii) fragmentation of
colored objects into chains of hadrons (often called “hadronization”). As an exam-
ple, for an event with k£ cut pomerons one would end up with 2k chains of hadrons.

A formulation of the DPM which distinguishes particle production with low and high
transverse momentum (the first described by Regge-arguments, the latter within the QCD-
improved Parton Model) is usually called two-component DPM [25-32].

2.3 Photon—Nucleon Interactions

A model for multiparticle photoproduction off nuclei which is based on the Gribov-
Glauber approximation [64-66] describes the scattering process in terms of individual
interactions of the photon or its hadronic fluctuations with weakly bound nucleons. There-
fore the description of photon—nucleon interactions within the two-component DPM con-
stitutes the basic ingredient of an extension of the model to photon—nucleus collisions. In
fact, at not too high energies and photon virtualities above 2 GeV? the photon mostly
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interacts with only one or two nucleons. Thus, many characteristic features of photon—
nucleon interactions can be expected to be present also in photon—nucleus interactions,
although modified by the nuclear environment.

In this section, a short account on the two-component DPM for photon—nucleon col-
lisions as implemented in the MC event generator PHOJET [32,33] is given. Instead of
discussing all aspects or focusing on calculational details, only the main ideas and for-
mulas being important for the description of photoproduction off nuclei are summarized.
Detailed discussions can be found in Refs. [32-34].

2.3.1 Amplitudes and Cross Sections

The physical photon state is approximated as a superposition of a bare photon and of
virtual hadronic states

v) = \/ZI%are) + [Yhad )- (2.10)

The latter correspond to the Generalized Vector Dominance picture sketched in Sec. 2.1
and possess photon quantum numbers. In general, a wide range of masses has to be
treated (see Eq.(2.8)). However, for the description of photon—hadron interactions within
the two-component DPM it turned out to be reasonable to consider only two “generic”
hadronic states [32]

7 - (2.11)

Vhad ) = —|QQ>
qq*
The gg-state combines the p°, w and ¢ vector mesons and 77 -states up to the ¢-mass.
Resonances with higher masses (o', ', p",...) are lumped together as ¢G*-state. Thus, the
normalization constant Z3 follows from the two VDM couplings of the generic states to
the photon as Z3 = 1 — €*/ 2. — €*/ fo-

Since the bare photon enters the scattering process as a gauge boson, its interactions
are classified as direct processes. In contrast, the hadronic part of the physical photon
state interacts via hadronic fluctuations. Therefore these interactions are frequently called
resolved processes. Denoting the corresponding amplitudes in impact parameter (é)
space with ad“ and a7y the total and elastic real photon—nucleon cross sections and the
cross section for quasi- elastlc vector meson production are obtained from

—

o' (5) = 4/d2B Sm{Zy a5, B) + (hacs N| a5 (5, B) [ V), (2.12)

- - 2
o(s) =4 [ @B |Zy a%i(s, B) + (haas NI a5 (5, B) [naas M), (213)
e >3 T 2
%% (s) = 4/d23 (a2, N| @55 (5, B) Pyuaas V)| - (2.14)
In the following the calculation of the amplitudes ay% and ad‘r is briefly summarized.

Resolved processes

The interactions of the quark-antiquark fluctuations of the photon are described within
the perturbative reggeon calculus in terms of multiple pomeron exchange. The exchange
of more than one pomeron is required to ensure s-channel unitarity of the amplitude.
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The scattering amplitude a7y is approximated by summing up n-pomeron exchange am-

plitudes a(™ and can be conveniently written introducing an eikonal function y

-

(1—ex=5) . (2.15)

N |

a3 (s, B) = Y (s, B) =
n=1

It is possible to express the eikonal function in terms of Born-graph impact parameter
amplitudes. Therefore in the following the Born-graph amplitudes are discussed.

A single pomeron exchange graph can be related to graphs with multiperipheral kine-
matics [87]. The calculation of cross sections involves the sum over all possible intermedi-
ate states of such graphs and the integration over their momenta. In order to be able to
apply perturbative QCD the integration is commonly split into two parts: one part where
at least one parton has a sufficiently large transverse momentum ¢, satisfying the condi-
tion g, > p"t > Aqcp and a second part including all other integrations. This results in
an artificial subdivision into those graphs where at least one large transverse momentum
is involved (hard processes) and into graphs containing only low transverse momenta (soft
processes). In the following the soft and hard parts of a one-pomeron exchange are called
“soft pomeron” and “hard pomeron”. Their eikonal functions are denoted by xs and yg.

Within perturbative RFT, the evaluation of n-pomeron exchange diagrams involves
the integration over 2(n — 1) masses of intermediate states, i.e. states between two ex-
changed pomerons (see for example the two-pomeron exchange graph in Fig. 2.3). In the

p,w,p,mTm +low-mass high-mass

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2.3: Two-pomeron exchange graph. The calculation of its contribution to the scatter-
ing amplitude involves the integration over the masses M4 and Mp. The subdivision into an
elastic+low-mass component and a high-mass component is shown for the upper vertex.

approximation discussed here, these intermediate states are subdivided into (Fig. 2.3)

e clastic intermediate states which correspond to the generic state |¢g), i.e. p, w, @
and 7t~ -states with mg+,- < my,

e low-mass intermediate states with masses M (mj < M*> < M{, M{ = 5 GeV?)
which correspond to the generic state |qg*),

e high-mass intermediate states with masses M (M7 < M? < Mg, Mg = 0.4s).

Elastic and low-mass intermediate states are taken into account within a two-channel
eikonal formalism (see further below). High-mass intermediate states are treated by ex-
plicitly considering pomeron exchange graphs which involve the coupling of three pomerons
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b) c)

a)

Figure 2.4: a) Triple-pomeron graph, b) loop-pomeron graph and c¢) double-pomeron graph.

(so-called enhanced graphs). In particular, these are the triple-pomeron (TP) and loop-
pomeron (LP) graphs (see Fig. 2.4a,b). In order to describe central diffraction the double-
pomeron graph (Fig. 2.4c) is taken into account additionally. This graph can be consid-
ered as an iterated TP graph. The eikonal functions associated with these three enhanced
graphs are xrp, xLp and xpp.

Consequently, the function y entering the expression for the amplitude of resolved
processes (Eq.(2.15)) is composed of the eikonal functions of the different contributions

x(s, B) = xs(s, B) + xu(s, B) + x1r (s, B) + xvp (s, B) + xpp (s, B) . (2.16)

Assuming that only elastic intermediate states are important, the n-pomeron—particle
coupling function can be written as a product of one-pomeron—particle couplings. Then
it follows from Eq.(2.15) that the eikonal functions y; are related to the Born-graph
amplitudes a; by

x;(s, B) = —2ia;(s,B),  j=S,H,TP,LP,DP . (2.17)

Furthermore all Born-graph impact parameter amplitudes a;(s, B) are related to the
corresponding amplitudes in momentum space A;(s,t) by Fourier-transformation (¢ ~
—Cff): P
= 1 7L ;i
- ,B:—/—A- t) e B 2.18
w(s.8) = 3, [ Gy Als 0 e (218)
Inspired by experimental observations, an exponential ¢-dependence of the Born-graph
amplitudes A; is assumed and the real parts are neglected

Aj(s,t) = is 0;(s) )" (2.19)

where o; and b; are the Born-graph cross sections and slopes. This leads, together with
Eq.(2.18), to impact parameter amplitudes (and eikonal functions) with Gaussian shape

— 7 — . O (8) _ B2 .
a;(s,B) = = (s, B) = i—12— ¢~ B/(46(9)) 2.20

In the following the Born-graph cross sections o; and slopes b; are discussed. Low-mass
excited intermediate states of the colliding particles between different pomeron exchanges
are omitted for simplicity. A generalization will be given separately at the end of this
section.



14 CHAPTER 2. PHOTOPRODUCTION OFF NUCLEI

Soft non-diffractive processes: At high energies soft non-diffractive processes are well de-
scribed within Regge theory by the exchange of supercritical soft pomerons (/P). The
amplitude corresponding to the exchange of a supercritical soft pomeron can be written
in momentum space as a product of ¢-dependent pomeron—particle couplings together
with a power-law dependence on the scattering energy

P ) s\ ar(t)

AP (s,1) = isogqar (Dgn e (2) (g) . (2.21)
Here, ap(t) = 14+ Ap +a/p(0)t is the pomeron trajectory and so = 1 GeV?. The quantity
ap(0) is usually called “intercept”. The terminology “supercritical” means that Ap > 0
(in contrast to pomerons with Ap = 0 which are called “critical”) and will be omitted
for simplicity hereafter. For the couplings an exponential t-dependence is assumed

gkp(t) = glp e%Pt? Kk =qq,N. (2.22)

According to Eq.(2.19) one may write

AP (s5,t) = is ol (s) €% O (2.23)
with
P 0 0 5\ P P L /0 0 ' s
o ()= ghuwatir (=) @) =5 (e + e + 2050 (1)) L 220

Inserting the expressions (2.24) into Eq.(2.20) the eikonal function for soft pomeron ex-
change x¥ follows directly. At low energies reggeon (IR) exchange dominates the descrip-
tion of soft processes. In analogy to xZ¥ the eikonal function xZ is calculated from

s \2r 1 s
o(s) = ghumste (2) " V) = 5 (M W+ 20O (2)) . (229
Finally, the eikonal function for soft non-diffractive processes is defined as the sum of both
contributions

— —

Xs(S; B) = Xép(saé) + XéR(S, B) . (2'26)

Hard resolved processes: For the estimation of the cross section of hard resolved processes
the QCD-improved Parton Model can be employed:

cu n 1 d&z, > cu
ou(s, p") =/d~’51d$2dt > Téklfi\qq(fﬂl,MQ)fle(fE%MQ)#;M@(PL—th)- (2.27)
1,5,k,l ’

filqg and f;n denote the parton distribution functions (PDFs) for partons of type i and
j of the gg-state and the nucleon, respectively. The Mandelstam variables § and ¢ char-
acterize the partonic subprocess %, j — k,l. The short distance cross section 0; j_x; is
calculated within lowest order perturbative QCD. The sum runs over all possible parton
configurations (i, 7, k,1). The momentum transfer in the hard subprocess approximately
determines the factorization scale y? which is taken to be u? = p2 /4. The transverse mo-

mentum cutoff p¢"* restricts the integration to the validity range of perturbation theory.
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The PDF's of the gg-state are obtained by appropriately dividing the PDF's of the photon
by the VDM couplings [32].

In contrast to the slope of soft processes (c.f. Eq.(2.24)), QCD calculations within the
leading-log approximation predict an energy-independent slope for hard interactions [89].
Therefore a constant slope is used [90,25]

b = 5 (bgr + byw) - (2.28)

N =

High-mass diffractive processes: Before giving expressions for cross sections and slopes
the following comment is in order. For a description of high-p, particle production in
diffractive interactions each of the “pomerons” which build up an enhanced graph (see
Fig. 2.4) can itself be considered as being composed of multiple soft and hard pomeron
exchanges (Fig. 2.5) [91,46]. Therefore all “pomerons” drawn in the graphs of Fig. 2.4

— —_— : :
AR f AN VY VA Figure 2.5: Each of the three

renormalized pomerons of the
TP graph represents multiple
—> pomeron exchange. Here it is
shown for the lower part of the

TP diagram.

represent more elementary multiple pomeron exchange graphs. In the following they are
called renormalized pomerons (IP). The parameters of a renormalized pomeron (couplings,
trajectory) are assumed to differ from the ones of the soft pomeron only by the intercept
(ap(t) =14+ Ap + ap(0)t) [92]. For the couplings the notation “IP” is therefore kept.

As examples, only the expressions needed to calculate xTp are given. The formulas for
the loop- and double-pomeron graphs as well as details of their calculation can be found
in [32,34,46].

Two of the renormalized pomerons of the TP graph are either connected to the gg-state
or to the nucleon. The diffractive cut of these graphs (see further below) corresponds to
nucleon- or gg-single diffractive dissociation, respectively. Both configurations contribute
to the eikonal function: xtp = XTp N + XTPq Introducing a TP coupling gsp by (t1, to
and ¢ are the squared 4-momenta of the pomerons)

g3 (t1, ta, t3) = g5 et (tittatts)/2 2.29
3P

the TP cross section corresponding to nucleon diffraction dissociation can be calculated
within Regge theory. One obtains

o1en(s) = (ilgfs)oggﬂf(gg)ﬂ) %)Aﬁ) [Ei(c- cu(s)) — Ei(c- cu(s))] e (2.30)

with the following factors in the exponential-integral functions

Ap . M A~ M2 b 40
CL(S):]__—PIII—L, CU(S):]_——PID_U’ C:A” qu 3IP

2.31
c s c s P20/, (0) (2:31)
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where Mp, and My are energy independent lower and upper limits restricting the total
energy of the lower part of the graph in Fig. 2.4a (the diffractive mass). The effective!
slope parameter brp y is given by

(2.32)

l\DIi—\

bepn(s) = s In(M./My) }

(b qP+bNP) + b3p + ap(0) {ln; In(cp,(s)/cu(s))

The cross section and slope for gg-diffraction dissociation, orp 4 and brp g5, can formally
be obtained by interchanging ¢g and N in Egs.(2.30)-(2.32).

Two-channel eikonal formalism: So far, the excitation of the scattering particles to reso-
nance states (¢q7 — ¢¢* and/or N — N* and vice versa) by pomeron exchange has been
omitted. In the model, these processes are taken into account employing a two-channel
eikonal formalism. Within this formalism it is assumed that the amplitudes are modified
by introducing coupling constants and slopes which depend on the masses of the quasi-
elastically scattering particles in the initial and final state. For example, for the amplitude
of the process (¢q, N) — (¢G*, N*) it corresponds to the substitutions

grkp(t) — Grp(t) = Aegip exp ( bkﬂoec(mkm’“*)zt) ; (2.33)
a5 (0)t (0)t
(i) HARN ( R — ) , (2.34)
S0 (m2; + mgg ) (m% +m3.)
Oy — Og= /\qq)\NUH, 0< /\k: <1. (235)

The subscript & stands for ¢g and N, respectively. In addition, the substitutions (2.33)
and (2.34) have to be done for the reggeon amplitude. The constant c is fixed at 3 GeV =2
Introducing four generic hadronic states

(2.36)

0
0 —k *

1 lq7", N™)
0

_ o O O

1 0
— 0 —x 1 — *
9@ N)~ | o | e N)~ | o | e N7~
0 0

the eikonal function entering the expression (2.15) for the impact parameter amplitude of
resolved processes can be written as a symmetrical 4 x 4 matrix x(s, B) = (xu (s, B)). The
four eikonal functions for the processes (¢q, N) — (¢q, N), (¢G4, N) — (¢G*, N), (¢q, N) —
(g, N*) and (qq, N) — (qq*, N*) constitute the elements of this matrix. Thus, also the
amplitude Eq.(2.15) becomes a symmetrical 4 X 4 matrix afy (s, B) = (axn g (s, B)). For
practical calculations it is convenient to diagonalize the elkonal matrix: x4 = UTyU.
Then the scattering amplitude reads

aX% (s, B) = (a5 ju(s, B)) ks = U( e X EE T (2.37)

! As emphasized in [93], the calculation of the enhanced graphs within Regge theory does not result in
impact parameter amplitudes with Gaussian shape. However, they might be approximated with Gaussian
functions using effective slope parameters
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The formalism allows to calculate cross sections for low-mass diffraction. For example,
for the cross section of low-mass photon diffractive dissociation (LMSD,y) one obtains

. - 2
aNP(s) = 4 [ @B [(aa', N| a%(5, B) aa, N)

:4/d2§

2

— [ —

e
_‘12%,12(& B) + afy%,22(87 B)
qu qq*

(2.38)

Direct processes

Examples for direct photon—nucleon interactions are shown in Fig. 2.6. Again, the short
distance cross section ., ;5 for the partonic scattering process can be estimated within
lowest order perturbative QCD. Hence the cross section for the direct process reads

i N dé’ % cu
oln (s, p) = /dévdt Zfi|N(xaﬂ2)7T;M®(pJ_ —pM) . (2.39)
1,k,l

In contrast to resolved processes, absorptive corrections to direct photon interactions

Figure 2.6: Direct photon-nucleon in-
teractions: a) gluon-Compton scatter-
ing and b) photon—gluon fusion.

are suppressed by one order of ., and are therefore neglected. With a slope bgi}{, = by

(Eq.(2.28)) the impact parameter amplitude for direct processes is given by
dir
dir — . O',YN(S) _§2/(4bdir)
B) = - N/ 2.40
an(s,B) =i T6mb, e Y (2.40)

Free parameters of the model

The formalism sketched so far contains a certain number of free parameters which have
to be fixed before cross sections can be predicted. In particular, these are

e the intercept and slope parameters of the pomeron (ap(0),a/p(0)) and reggeon
trajectories (ag(0), a’z(0)),

e the intercept of the renormalized pomeron trajectory (ap(0)),

e the parameters entering the nucleon—pomeron(reggeon) (g?\np(m), b?wp(m)), qq(qq*)—

pomeron(reggeon) (gozp(m)> Vogr(m)) @0d triple-pomeron couplings (g3, b3p),

e the coupling constants of the ¢g— and ¢g*—photon vertices (e/ f45, €/ f45+),
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e the transverse momentum cutoff (p**) and

e the parameters Ay and \,; modifying the couplings in case of low-mass excitations
by pomeron or reggeon exchange.

Out of them some parameters are either taken from the literature (a/5(0), ar(0), o/5(0),
ap(0), b3 p, An) or are fixed using suitable assumptions (A, by applying finite mass sum
rules and p¢™* = 3 GeV/c). The remaining parameters are determined by fitting cross sec-
tions and slope parameters calculated within the model to data: ap(0), gjowp( R)> b?wp( R):
and g9 follow from fits to data on hadron-hadron scattering only. The parameters e/ f,g,
gng(,R), bgqlp(m) (and those for ¢g*) are obtained from fits to data on photon—hadron
scattering. Numerical values and further details can be found in [32,34].

2.3.2 Multiparticle Production
The optical theorem

According to the optical theorem the total cross section is related to the discontinuity of
the forward scattering amplitude

1.
ain(s) ~ Q_SdISCS(Any(Sat =0)) =

w | =

Sm(Ayn(s,t=0)) . (2.41)

Since pomeron exchange can be represented by graphs with multiperipheral kinematics,
it is possible to consider the discontinuity as an unitarity cut of these graphs moving
particles of the intermediate state on their mass shell (see Fig. 2.7). As previously dis-

A

- 2
dq1 a1
d: 42
. ds ' 7Q ds
disc ~ ! - Z
Do — o
° ° J o
° ! di °
qn 3 s qn
B unitaﬁity cut

Figure 2.7: Graphical representation of the optical theorem for the one-pomeron exchange
graph

cussed, the amplitude for resolved photon—nucleon interactions is built up of contributions
corresponding to multiple pomeron exchange. This would imply that a large number of
different cuts has to be taken into account. It can be however shown that the dominant
contributions to the cross section are given by those cuts which involve all intermediate
particle states of a pomeron [94].

AGK-cutting rules

In the limit of high energies a prescription for the summation of the different cut con-
tributions is provided by the Abramovski-Gribov—Kancheli (AGK) cutting rules [94].
According to these rules the contribution of a n-pomeron exchange graph (see Eq.(2.15))
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to the total cross section can be decomposed into a sum over v terms (v = 0...n) with
weight-factors B!. Each of these terms corresponds to v cut pomerons. Resummation
yields for the amplitude a sum over contributions representing certain numbers of cut
pomerons

a%(s,B) =Y a™(s,B) =33 Bra™(s,B) =Y a(v,s,B) . (2.42)
n=1 n=1v=0 v=0

Thus, the partial cross section coming from all diagrams with j. cut soft pomerons, k.
cut hard pomerons, [, cut triple-pomeron graphs, m. cut loop-pomeron graphs, n. cut
double-pomeron graphs and an arbitrary number of uncut ones is given by

_ (2xs)% (2xm)* (2xre)* (2xep)™ (2XxDP)™ _o)
ch;k07l07mc="c - <fyhad’ N| ( ]c' kc’ lc' mc! nc! €

> |’7hada N)

(2.43)
where according to Eqs.(2.12) and (2.13)
1 -
Z Z jSﬂkczl01m05nc (S’ B) =

jc+kc+lc+mc+nc21
. — 2
S nads N| 5% (5, B) haa, N) = | (thaas N| 53 (5, B) [aas N)| - (244)

It should be noted that not all of the partial cross sections are positive quantities. The
reason is that a cut of an enhanced graph can be further decomposed into one-, two-,
or three-pomeron cuts. Taking this fact into consideration the resulting n-pomeron cut
contributions are all positive.

Color flow topologies

In order to relate the partial cross sections defined by Eq.(2.43) to final state parton
configurations, the equivalence between reggeon and pomeron exchange amplitudes and
certain color flow topologies is used [95]. In Fig. 2.8 the color flows of single reggeon and
pomeron exchange are shown together with the corresponding cuts. Whereas a cut reggeon

‘ Reggeon: Pomeron:

g 3 q . _

q < —_ q < <
s v. sg
= 3 = <

— = s — =
= | q ==
—— v =
o 0 e — @
a) b) c) d)

Figure 2.8: Color flow picture of a single reggeon exchange graph (a) and the corresponding
unitarity cut (b). In ¢) and d) the same is shown for a single pomeron exchange graph.

yields one color-field string, a cut pomeron results in two strings which are assumed to
fragment independently into hadrons. In the large-N, limit of QCD the same color flow
picture of the pomeron is also found in hard interactions.



20 CHAPTER 2. PHOTOPRODUCTION OFF NUCLEI

Final state partons and hadronization

Low-p, final state: In case of reggeon cuts and those pomeron cuts which do not involve
large momentum transfer, the partonic interpretation of the DPM is assumed: Hadronic
fluctuations of the photon and mesons are split into a (valence) quark-antiquark pair
whereas baryons are approximated by a (valence) quark-diquark pair. The longitudinal
momentum fractions of the partons are given by Regge-asymptotics [96-99]. The momen-
tum fractions x of valence quarks in a non-strange meson (or hadronic photon fluctuation)
or in a baryon are obtained from

meson : p(x) ~ 271 —2)7%% | baryon : p(z) ~ 27%%(1 — z)'5 . (2.45)

For strange valence quarks the corresponding exponent of x is modified to —0.3. In
multiple interaction events (i.e. multiple cut pomerons), the sea quark momenta are
sampled using a p(x) ~ 1/z behavior. Transverse momenta of soft partons are not
predicted by the DPM. Here, an exponential distribution is assumed

d®N,
dp*

~ e PPL (2.46)

The energy-dependent slope parameter 3 is obtained requiring a smooth transition be-
tween the transverse momentum distributions of the soft constituents and the hard scat-
tered partons. Flavors of sea partons are sampled according to [100].

High-p, final state: For pomeron cuts involving a hard scattering, the parton kinemat-
ics as well as the flavors and colors are sampled according to the QCD-improved Parton
Model using leading-order matrix elements [101,102]. For the calculations discussed fur-
ther below leading-order Gliick-Reya-Vogt (GRV) PDF parametrizations are used for
photons [103,104] and nucleons [105]. Both, initial and final state parton showers are
treated.

Hadronization: Color neutral strings hadronize according to the JETSET-realization of
the Lund-model [106,107].

Small photon virtualities

So far, the model has been discussed in the limit of real photon—nucleon interactions.
Small photon virtualities % are treated in the following way:

e According to the GVDM (see Sec. 2.1) the total cross section approximately factor-
izes into a (Q*>-independent cross section and a factor F'(Q?) containing the depen-
dence on the photon virtuality

oy (5,Q%) = F(Q%) a3 (s) - (2.47)

For F' the parametrization given in [108] is used

2 2 2 M2
F)= > v <#> (1 + 45721—%/> T+ Teff <JV[§T—T—HQQ> . (2.48)
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e The PDFs of the photon are assumed to be suppressed by weak photon virtualities
according to the parametrizations [109-111]

fql'y(xa Mza QQ) = Kfq|7($a ,UQ)a fg|7($a ,UQaQQ) = Kzfglv(xaMQ) (2.49)

K=1In (#2@) /ln (Z—Z) . (2.50)

e Events with n cut soft pomerons (n > 2, multiple interactions) are suppressed by a
factor (m2/(m2 + Q%))" .

with

2.4 Cross Sections and Nuclear Shadowing in Photon—
Nucleus Collisions

Similar to the scattering off free nucleons many features of high-energy interactions of
real and weakly virtual photons with nuclei are well described in the framework of the
GVDM [71,76]. A spectral relation like Eq.(2.8) for o,y provides also a reasonable
approximation for photon—nucleus cross sections 0.4 (see [23] and references therein)

2 2 2 2
Oea(8, Q%) = AT Clem /MA? dM?* D(M?) (#@) <1 + e%> ova(s, @*, M?). (2.51)

Here, all properties of the interactions of the gg-states with the nuclear target of mass
number A are contained in the effective cross section oy 4. In the following a detailed
model for the calculation of oy 4 is developed.

In the kinematic limit of photoproduction, interactions of ¢g-states with nuclei show
similar properties as those of hadrons. In hadron-—nucleus collisions shadowing is well
described within the Gribov—Glauber multiple scattering formalism [64-66]. Therefore
the two-component DPM which incorporates the Gribov—Glauber formalism should also
be able to describe the ggnucleus interactions and, especially, the shadowing behavior.
However, there are two important differences between interactions induced by hadrons
and those by hadronic fluctuations:

e At low energies and/or large Q? and M? the coherence length of the hadronic fluctua-
tion (Eq.(2.5)) may become comparable or even smaller than the nuclear radius [76].

e At very high energies the photon interacts with a certain probability (increasing
with energy) as a point-like object which can be associated with states of large M?2.

Both effects may lead to a suppression of shadowing and have to be introduced explicitly
into the Gribov—Glauber formalism. In particular, the second effect will be studied in
detail throughout the following sections.
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2.4.1 Total Photon—Nucleon Cross Sections

Turning again to photon—nucleon interactions the dependence of the cross sections on the
mass M of the hadronic fluctuation is studied for the following reasons.

If low-(Q)? photon—nucleon scattering is considered only, a detailed model for the M?-
and @Q*-dependence of the process is not needed. This is due to the fact that at high
collision energies the coherence length of the hadronic fluctuation almost always exceeds
the typical hadronic interaction length di, (for nucleons diy ~ 7y &~ 1 fm). As shown
in [32,33] and also summarized in the previous sections a good description can already be
obtained by introducing two generic states instead of incorporating a mass-dependence
explicitly. For the reasons outlined above, in photon—nucleus interactions the situation
is different. Furthermore since the Gribov—Glauber approximation describes the scatter-
ing process in terms of individual ggnucleon interactions suitable assumptions for the
dependence also of the latter processes on M are required. In particular, the effective
gg—nucleon cross section oy y (c.f. Eq.(2.8)) has to be calculated which will enter directly
the calculation of oy 4 to be described further below.

Consider the kinematics at the v — ¢ vertex of the photon-nucleon interaction in
the nucleon rest frame: The 4-momenta of the photon, the quark and the antiquark are
given by

q= (Va 6) k): Pq = (EqaﬁJ_a Zk)a b = (Etja _ﬁJ_a (1 - Z)k) (252)

where z is the fraction of the longitudinal momentum of the photon carried by the quark.
Assuming the coupling of a real photon to massless quarks and considering the kinematic
limit 2k, (1—2)k > p, = |pL|, the mass M of the gg-pair is proportional to the transverse
momentum of the quarks

2
p
M?=(E,+ E))’ —k* =~ z(liiz) : (2.53)

Furthermore with At ~ 2v/M? being the coherence time of the gg-fluctuation (Eq.(2.5)),
the transverse separation of the quarks reads

1 pPL  —DL 1 1
L=y (Eq 2 ) b M (2.54)

As a consequence, it can be expected that oy decreases like 1/M? at large M? [72,73].
Following Ref. [72] this effect is approximated by parametrizing oy y as
2 2\ _ OvN (Sa QQ)
O-VN(SvQ 7M)_ M2+Q2+C2 : (255)
Here, C' is a model-dependent parameter [72] and taken to be C? = 2 GeV2. With
Eq.(2.55) the M?-dependence of the integrand in Eq.(2.8) is explicitly known and the
integration over M? between MZ = 4m? and M? = s can be performed:

open (8, Q%) = AT aem I(s, Q%) Gy (s, Q%) (2.56)

with

I(,%) = [ am? p(?) M i (2.57)
e orr@rorr@roy\ )
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It is not attempted to model the effective cross section oy from basic concepts.
Eqs.(2.55) and (2.56) allow the calculation of oy provided that o,y is known

_ g *N(Sa QQ)
ovn(s, Q% M?) = r—ir g)?)(M? e (2.58)

For our purposes, there are two possibilities to obtain g« y:

1. The cross sections calculated in the framework of the two-component DPM together
with the assumptions for treating low photon virtualities (Sec. 2.3.2) can be used.
The advantage is that in this case a detailed model for inelastic final states exists.
However, the drawback of this choice would be its limitation to rather low Q?-values.

2. Alternatively, a parametrization of the structure function F¥ can be applied (see
Eq.(2.7)). Suitable parametrizations are provided by the model of Capella et al. [112]
(CKMT-model) or are those of Abramowicz et al. [113] and (in the low Q*-range)
of Badelek and Kwiecinski [114].

Since multiparticle photoproduction off nuclei shall also be described, the first option
provides the most consistent way to calculate oyy. It will therefore be used for the
description of particle production discussed further below. However, for the moment
the latter possibility, in particular the CKMT-model, is taken into consideration. This
enables us to discuss photon—nucleus cross sections and the shadowing behavior in both,
the Q%-region of photoproduction and the transition region to Deep Inelastic Scattering
(DIS).

The CKMT-model provides a simple analytical parametrization of F}¥ valid for 0 <
Q? < 5 GeV?. Using the ansatz for the gluon distribution as given in [112] the structure
function F" is calculated for higher virtualities from a QCD evolution in leading logarith-
mic approximation. Inserting the resulting cross section o,y into Eq.(2.58) oy y follows

for all values of s, ? and M?2.
In Fig. 2.9 the photoproduction cross sections O',ty(]))t obtained from the CKMT-model

10005 T T T T T T T LI B B T T T T T 1017

Figure 2.9: Total photon—
proton cross sections (Q% = 0)
as calculated with the CKMT-
model [112] (thick solid line)
and the two-component DPM

O.tot

100 ¢

Oyp

(1b)

(dotted line) are shown to-
gether with data [115-117].
In addition, the contribution

from direct processes and the

1 i N (N cross section of the anoma-
1 10 100 1000 lous component of the photon-
Vs (GeV) PDFss are given.

(thick solid line) and calculated within the two-component DPM [32] (dotted line) are
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compared to data [115-117]|. In the experimentally studied energy region, both models
give almost identical results. Differences in the high-energy extrapolations reflect the
typical size of the theoretical uncertainties. Also shown are the contributions from point-
like processes which will be explained below.

In Fig. 2.10a the energy dependence of the effective cross section oy is shown for

Q? =0.1 GeV? — 5 =50 GeV —
100 Q* = 2.0 GeV? — 7 100 ¢ s =100 GeV —
; 0% =5.0 Gev? -+~ | : Vs = 500 GeV -+ - ]

|100 H1I000 0.01I 01 1 | 10
(a) Vs (GeV) (b) Q” (GeV?)

Figure 2.10: Effective qq—nucleon cross sections at the p-mass. In a) the dependence on the
center of mass (c.m.) energy is given for three different photon virtualities. In b) the Q*-behavior
is shown for three different energies.

M? = mf, and different photon virtualities. As observed in v*p collisions, the rise of
the cross section with energy becomes steeper with increasing photon virtuality. In Fig.
2.10b oy is given as function of Q? for different energies and shows the expected weak
@*-dependence for Q* < m? + C*.

2.4.2 Point-Like Photon Interactions

The integral in Eq.(2.8) receives also contributions from hadronic fluctuations with large
mass M which might be formed, according to Eq.(2.53), by partons with large transverse
momenta. In terms of the QCD-improved Parton Model, hadronic interactions of these
qg-states correspond to point-like photon interactions. On this basis, direct and resolved
photon interactions are included in Eq.(2.8).

Of course, a sharp distinction between direct and resolved interactions is not possible.
In direct interactions, the photon couples directly to a parton of the nucleon which de-
termines the highest virtuality of the scattering process (Fig. 2.11a). On the other hand,
in resolved interactions the photon may fluctuate into a ¢g-pair with high virtuality. As
depicted in Fig. 2.11b, this ¢g-pair can, for example, emit a gluon leading to a further
increase of the virtuality of the emitting quark. The virtuality of this quark eventually
determines the highest virtuality of the hard scattering process. Formally, this resolved
process differs from the (direct) photon—gluon fusion process (Fig. 2.11a) only by the
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Figure 2.11: Examples for point-like
photon-nucleon interactions. In (a) a
direct process and in (b) an anomalous
photon interaction are shown.

additionally emitted gluon illustrating the steady transition between direct and resolved
processes.

In order to characterize a hard photon-—nucleon scattering it is therefore necessary to
distinguish two scales:

(i) the virtuality M of the hadronic ¢g-fluctuation and

(ii) the scale of the hard scattering p which is approximately given by the momentum
transfer in the hard scattering process.

Then an interaction can be classified as “direct process” if ; and M fulfill the condition
pu? ~ M? and as “resolved process” if u?> > M?2. In resolved processes of high-mass
fluctuations (M? > Agcp) not only the hard parton-parton scattering but also the
v — qq splitting can be calculated within perturbation theory. These interactions are
responsible for the rise of the photon structure function with p? like In(y?) [118] and are
frequently called anomalous processes (anomalous contribution to the photon structure
function [119]). Direct and anomalous photon interactions are point-like processes.

In direct and anomalous processes either M? or the squared transverse momentum
of the hard scattering p% acts as “hard scale” permitting the application of perturbative
QCD. The calculation of the cross section for direct processes a%r, has been discussed in
Sec. 2.3.1 (Eq.(2.39)). In the following the estimation of the cross section o2} for the
fluctuation of a photon into a ¢g-system with a large mass M (i.e. highly virtual quarks)
and the interaction of this system with a nucleon is described.

The anomalous cross section is calculated on the basis of MC methods. In particular,
the event generator PHOJET [32,33] is applied to sample hard resolved photon-nucleon
interactions according to the cross section

) 1 dé.; .
oy (s, pT) = /dﬂvld@dt > mfi|v($1aﬂ2)fj|zv($2,N2)ﬂ@(pL —p) .

iygiksl dt

(2.59)
This cross section receives contributions from low- and high-mass gg-states, the latter
interacting predominantly in anomalous processes. In order to determine the ratio of
anomalous to all hard resolved interactions, initial state parton showers are generated
for each sampled hard process. The implementation of initial state radiation in PHOJET
is based on a backwards evolution algorithm using the parton transverse momentum as
evolution variable. During the shower evolution also hard v — ¢g processes are considered.
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In each step of the backwards evolution the parton shower may break down with a certain
probability due to a point-like splitting. This probability is approximated by the ratio of
the v — ¢q contribution to the quark density in the photon

2

q(z, 1) = 32‘;%5 [(ﬁ +(1-2)?) I (1 - ? (pﬁét)Q) +8z(1—z) — 1] (2.60)

and the quark density of the full photon PDF'. Since only 7 — ¢q splittings with a remnant

cut

quark with p; > pS" are of interest, the lowest quark virtuality considered in Eq.(2.60)
coincides with the transverse momentum cutoff p**. Finally, the ratio of the anomalous
cross section to the hard resolved photon—nucleon cross section is given by the fraction of

events where an anomalous splitting with p; > p$"* has been sampled.

Uncertainties in the estimation of ¢y arise mainly from the PDFs and the trans-
verse momentum cutoff which both enter the calculation of JEN. In the following parton
densities in the nucleon are approximated by parametrizations of Gliick, Reya and Vogt
(GRV) [105]. These parametrizations turned out to provide a reasonable description of re-
cent measurements on the proton structure function at low = [120,121]. Alternatively, also
the CTEQ4 [122] or the MRS(R) [123] PDFs could be used since within the considered
energy range the differences between all these parametrizations are of minor importance
for our purpose. Concerning the photon structure function much less experimental in-
formation is available. Again, a GRV-parametrization is employed [103,104] which was
successfully applied to reproduce HERA-data on photon PDFs [20,124]. In order to esti-
mate uncertainties due to this particular choice, the calculation has been repeated with
the SaS-2D parametrization of the photon PDFs [125]. The transverse momentum cutoff
is set to 3 GeV/c in both, the calculation of direct and hard resolved processes, for the
following reason. A model which should give a reasonable description of photoproduction
off nuclei (concerning cross sections and particle production) has to be able to describe
also the main features of photon—proton interactions. This is an obvious requirement
ensuring the consistency of the model. Studying photon-proton collisions at 200 GeV
c.m. energy, it was found by the H1-Collaboration [126] that the PHOJET event generator
provides a reasonable description of their data if the transverse momentum cutoff is fixed
at 3 GeV/c. Therefore this value is used consistently for the calculation of cross sections
and of particle production in photon—proton and in photon—nucleus interactions. The
choice of a much lower transverse momentum cutoff could spoil the strong parton virtu-
ality ordering assumed in the Parton Model expression (2.59) since very small z-values
would enter this equation [127]. It should be emphasized that the formalism presented
here is only applicable for photons with low virtualities, i.e. Q% < 4p?.

In Fig. 2.9 the cross sections aijzi,r and o27° calculated using GRV PDFs are shown (solid
lines). In addition, results from a calculation using the above mentioned SaS-2D PDF's for
the photon are plotted (dotted line). The differences between the results obtained with
the two photon PDF's appear to be small and do not change any qualitative conclusion
drawn from this investigation.

2.4.3 Total Photon—Nucleus Cross Sections

With the effective gg—nucleon cross section oy and the cross sections for point-like photon

interactions Jgirp and o337, now all ingredients for the calculation of 0,4 from the GVDM-
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expression (2.51) are available.
In analogy to the photon—nucleon cross sections Eqs.(2.12,2.13), the total, elastic and

inelastic gg—nucleus cross sections oi°y, 0%, and o9 are related to the corresponding

impact parameter amplitude ay 4 by the following equations
o5, Q% M) = 4 [ &5 Sm{ava(s, @M%, B}, (2.61)
— - 12
o (s, Q*, M?) = 4 / @B |aya(s, @* M2, B)[", (2.62)
ova(s, Q% M?) = oVi(s, Q% M?) — o7 4(s, Q% M?)
= /d2B (1 - \1 +2iaVA(s,Q2,M2,§)|2> : (2.63)

The amplitude ay 4, as it enters Eqs.(2.61-2.63), is averaged over coordinate space using
nuclear ground state wave functions 4

aVA(87Q27M2 /Hd3rj q/)A ) a'VA(S Q M2 B rla"':FA) wA(FI:"'aFA)
(2.64)
where 771, . .., 74 are the nucleon coordinates. The origin of the coordinate frame is chosen

to be in the center of the nucleus, the gg-fluctuations moving into positive z-direction.
Neglecting correlations between nucleons, [14]? is approximated by a product over one-
particle Woods-Saxon density distributions

atri = o) =11y [(é' T (2.65)

with the parameters ¢ = 0.545 fm and R4 = 1.12A4'/3 fm [128].

In order to calculate ay 4 the MC formulation of the Gribov—Glauber approximation
for hadron—nucleus and nucleus—nucleus collisions by Shmakov et al. [129] is extended
to photon projectiles. In analogy to the formalism for photon—nucleon scattering (see
Eq.(2.15)) ay 4 is expressed in terms of an eikonal function xy 4

ava(s, Q% M2 B,F,...,74) = % (1 - e—XVA“’Qz’MZ’B?FI’---’Ffﬂ) . (2.66)

In the following excited intermediate states between interactions of the ¢g-fluctuations
with different target nucleons are neglected (Fig. 2.12). The basic assumption of the
Glauber model is that the total phase shift for the particle scattered off a nucleus is equal
to the sum of the phase shifts for this particle scattered off individual nucleons (see [130]
and references therein). Hence xy 4 can be written as

A
XVA(Sa QQa M2a Ba Fla R ,FA) = Z XVN(Sa QQa M2a BI/) (267)

v=1

— —

where 7, = (§,,2,) and B, = B — §,. With the impact parameter amplitude ayy of the
gg—nucleon interaction

avn (s, Q*, M?, éu) = % (1 - €7XVN(S’Q2’M2’§”)) (2.68)
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elastic low-mass high-mass

Figure 2.12: Example of a two-pomeron exchange graph in photon—nucleus collisions. The
two exchanged pomerons couple to different nucleons. In general, the scattering amplitude
includes contributions from elastic, low-mass, and high-mass intermediate states. In the present
formulation of the model only elastic intermediate states are taken into consideration.

Eq.(2.66) becomes

aVA(S’Q2aM2a§1a"-a§A) =

A
(1 — H e_XVN(saQ25M27§I/)>

v=1

N | .

N | .

A
= = (1 -1I [1 + 2Ziay N (s, QQ,MZ,B,,)D . (2.69)
v=1

Similar to the amplitudes (2.20), the following Gaussian parametrization is assumed for
avn

UVN(Sa Q2a M2)

— _ég/(4bVN(saQ25M2)) . 270
"161byn (5, Q2, M2 (2:70)

aVN(SaQ2’M2:§U) )(1_1,0VN) €
The calculation of the effective gg—nucleon cross section oyy has been discussed in
Sec. 2.4.1 (Eq.(2.58)). For the slope by y the parametrization given in [131] is adopted

2

bVN(S, QZ, MQ) = b?,N—FaSP(O) In (ﬁ) 5 b(‘)/N = (2 + #@) GGV_Q. (271)
The ratio of the real to the imaginary part of the forward scattering amplitude pyy is
fixed at a constant value of 0.1 .

Inserting the gg—nucleon amplitude (2.70) into the Gribov-Glauber expression (2.69)
the gg—nucleus scattering amplitude is obtained, however, implicitly assuming that the
fluctuation length exceeds the characteristic diameter of the nucleus sufficiently. As out-
lined initially, this picture does not hold at low and very high photon energies due to
a limited coherence length and due to possible point-like processes, respectively. Both
effects are taken into account in the following way.

Coherence length: The integration over coordinate space in Eq.(2.64) is performed on
a MC basis by averaging aya(...,71,...,74) over a large number of spatial nucleon con-
figurations. The latter are sampled from Woods-Saxon density distributions (Eq.(2.65)).
In order to introduce coherence length effects, for a fixed nucleon configuration the prod-
uct in Eq.(2.69) is taken only over as many nucleons as their longitudinal separation does
not exceed the coherence length d. In the non-shadowing limit, i.e. if d is smaller than
any internucleon distance, this results in ay 4 = Aayy.
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Point-like processes: In direct photon interactions the multiple scattering process inside
the nucleus is completely suppressed since the photon couples directly to a parton in a nu-
cleon in a very localized interaction. In contrast, in anomalous photon interactions there
is in general (even at large M?) a leading-twist soft contribution to the hard process which
might influence the shadowing behavior [132]. However, in order to estimate the maxi-
mum possible effect caused by point-like processes it is assumed that also in anomalous
photon interactions the Glauber—cascade is reduced to one gg—nucleon scattering and any
shadowing contributions are disregarded. With & being the ratio between the point-like
and the total photon—nucleon cross sections (see also Fig. 2.9)

g(s’ QZ) — O"try)’l*tN(S? QQ)

ma n (5, Q%) = oSiy(s, Q%) + 0% (s, Q7) (2.72)

the total photon—nucleus cross section becomes
¥ (5, Q) = 034 (5, Q%) + Aol v (5, Q%) . (2.73)

The cross section 057}1?4 is calculated within the Gribov—Glauber approximation as dis-
cussed above, however, now using (1 — &)oy y instead of oy y in Eq.(2.70).

In Fig. 2.13 results on atOt in the photoproduction limit (Q? = 0) for carbon, copper

Arakelyan et al. +—
100 E Brookes et al. r— 4
F Caldwell et al. +— 7 .
GVDM+coh. — 1 Figure 2.13: Dependence of
GVDM -~ 1 the total cross sections for in-
Jfﬁ} 1 teractions of real photons with
(mb) 10 £ carbon, copper and lead on

the laboratory photon energy.
Model results (full lines) are
I . C 1 compared to data [133-136].
1E QWW Dotted lines show the cross
i L L .. .1 sections obtained if coherence

1 10 100 length effects would be disre-
v (GeV)

garded.

and lead targets (solid lines) are compared to data [133-136]. The agreement is reasonable
except for photon—carbon interactions at low energies where the model predicts slightly
less shadowing. However, at v ~ 2-3 GeV the lower energy limit for the applicability of
the model is reached. In addition, dotted lines indicate the cross sections which would
be obtained if the limited coherence length at low energies were neglected. Whereas this
effect is less significant for light targets, it is responsible for the increase of the cross
sections towards lower energies observed in interactions of real photons with copper and
lead nuclei.
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GVDM-+pointl. — 1
GVDM -+~ ]

Figure 2.14: Extrapolation
of total cross sections for
photoproduction off carbon—,

1 L C copper— and lead-nuclei. /s
10 100 1000 is the photon—nucleon c.m. en-
V'8 (GeV) ergy.

Extrapolating these cross sections to very high energies the effect of point-like inter-
actions should become visible. As shown in Fig. 2.14, they cause a stronger increase of
the cross section (solid lines) than obtained if this effect of shadowing suppression would
be neglected (dotted lines). The onset at an energy of around 100 GeV clearly coincides
with the energy where the contribution of the point-like to the total cross section exceeds
the one-percent level (c.f. Fig 2.9).

2.4.4 Nuclear Shadowing Behavior

The per-nucleon ratio of the total photon—nucleus to the total photon—nucleon cross sec-
tion
On*A

R’Y*A == (274)

Aoy
provides a useful measure of nuclear shadowing. Values of R,«4 well below unity are
correlated with strong shadowing whereas R.«4 approaches unity if shadowing becomes
negligible.

Studying first the photoproduction limit we compare in Fig. 2.15 data on the depen-
dence of R4 on the laboratory energy for carbon, copper and lead targets [133-136] with
results of the model. Though it seems that the calculated values follow the trend seen in
the data reasonably well (such as increasing shadowing with energy for the two heavier
targets), considerable uncertainties within the measurements do not allow to draw further
conclusions.

In Fig. 2.16 extrapolations of R, 4 in energy are shown up to 2 TeV in the photon—
nucleon c.m. frame. As this plot clearly demonstrates, point-like photon interactions may
lead to a decrease of nuclear shadowing at high energies (solid lines). In contrast, if
point-like interactions are not taken into consideration (dotted lines) the ratios decrease
throughout the whole energy range considered.

The shadowing behavior of cross sections in lepton—nucleus interactions has been stud-
ied by the E665- [68] and NMC-Collaborations [137,138]. In these experiments photons
were produced by bremsstrahlung of 470 GeV and 200 GeV muon beams, respectively. In
order to compare experimental data to results of the model, the flux g of virtual photons
has to be calculated. In the limit of high energies and low photon virtualities the flux of
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transversely polarized photons per incident muon is estimated according to the equivalent
photon approximation (EPA) [74]

 aem (1+(1—y)? 2miy
gm@—%@( y ——é) (2.75)

where y denotes the fraction of the lepton energy transferred to the photon. In order to
calculate the values of the kinematic variables this flux approximation has to be folded
with the Q?-dependent cross section .« 4. In addition, the experimental trigger conditions

are taken into account within the calculation. In Fig. 2.17, the z-dependence of calculated
shadowing ratios is compared to data [68,137,138]. The average Q?-values range from
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0.15 GeV? in the lowest z-bin up to 7.9 GeV? in the highest bin. The calculations for the
three target nuclei carbon, calcium and lead are in good agreement with the E665-data
but overestimate the NMC-data slightly.
The @?-dependence of the cross section ratios at fixed z is often studied by parametriz-
ing Ry« 4 as
Ra(Q%) = a+b-log(Q*/GeV?) . (2.76)

In Fig. 2.18, the slope b is plotted as function of z together with E665-data [68] on
photon—calcium scattering. The results of the model are consistent with experimental
observations [68], i.e. with a very weak Q*>-dependence of the shadowing effect within the
considered z-range.
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T

The dependence of nuclear shadowing on the target mass number A is usually inves-
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tigated by parametrizing the per-nucleon cross section ratios as R,-4 o< A* 1. Simple
geometrical considerations yield @ = 2/3 for absorption on a black disk corresponding
to complete shadowing. Hence actual values for o can be expected to be in the range
between 2/3 and 1 (no shadowing). In Fig. 2.19 model results on the z-dependence of «

dependence of the per-nucleon cross
09 % ):ir | section ratios is shown as function of
the Bjorken-x together with E665-
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0.85 | data [68]. The a-values are obtained
0.8 ] : o S from fits to results for carbon, cal-
0.0001 0.001 0.01 0.1 cium and lead nuclei.

X

are compared to E665-data [68]. Though the calculated values are systematically larger
than the measured averages the z-dependence is qualitatively well understood within the
model.

Finally, it is important to note that with rising energy but at fixed photon virtuality
(corresponding to the limit £ — 0) the model predicts a decrease of shadowing. This
feature is shown in Fig. 2.20 for carbon and lead targets and different Q*-values. Within

11 T T 13 I I
2=5.0G6V2"" 12_ 2:5.0GeV2 _
1 2 =1.0 GeV? — ) 2 =1.0 GeV? —
05 2=0.5GeV? -+ ] 11L 2=0.5GeV? -+~ |
2=10.1 GeV? — ) 2 =0.1 GeV? —
1L i
Oy*xC 0~4*Pb
AO',Y*N Ao”y*N
0.95
0.9
0.85 ' ' 0.5 ! !
1077 107° 0.001 0.1 1077 107° 0.001 0.1
X X

Figure 2.20: Dependence of the per-nucleon cross section ratios for carbon and lead targets
on the Bjorken-x. FEach line corresponds to a calculation for a certain, fixed photon virtuality
(from the bottom to the top: @Q* = 0.1,0.5,1.0,5.0 GeV?).

the model it arises from the fact that soft contributions to the cross section are stronger
suppressed with Q2 than point-like contributions. These qualitative results do not change
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even if an energy-dependent transverse momentum cutoff p"*(s) is used in the estimation

of the point-like cross sections. A transverse momentum cutoff slowly rising with energy
is suggested [30,139] in order to ensure that calculations in the TeV-c.m. energy range
are restricted to a kinematic region where lowest order perturbative QCD estimates are
sufficient. However, the energy dependence of p** is too weak to cause any change in
the shadowing behavior shown in Fig. 2.20. Similar results for the shadowing ratios at
high energies and fixed large photon virtualities were also reported by Kopeliovich and

Povh [140], however, obtained within a different approach.

2.4.5 Quasi-Elastic Vector Meson Production

The dependence of quasi-elastic vector meson production on the photon virtuality provides
a further test of the assumptions underlying the model. For example, the cross section
for the quasi-elastic p°-production off a nucleus with mass number A depends on @Q? like

o (s, Q? Y (1462 o8 (507 2.77
y*A—p0A s, Q ) ~ m2 + Q2 + emQ UpOA(SaQ ) ( : )
p p

where the elastic p’-nucleus cross section af}) 4 is obtained from Eq.(2.62) with V' = p°.
In Fig. 2.21 results are shown together with data of the NMC-Collab. [141]. For each
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(nb) * i3 virtuality. Model results for
Lr . | carbon and calcium nuclei are
0.1 ' ' ' shown together with data of
2 9 10 20 90  the NMC-Collab. [141].
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Q?-value the cross section has been calculated for the experimentally determined average
photon energy and polarization €. In order to compare shapes, the model results are
normalized to the data. Parametrizing 0%, by

QZ B
UZ%A(Q2) = 0y (Q—g> (2.78)
fits to the calculated cross sections yield #-values of 2.5 for carbon and 2.4 for calcium.
Since the calculated @Q?-dependence slightly deviates from a power-law behavior uncer-
tainties are estimated by excluding either the cross sections at the two lowest or the two
highest photon virtualities from the fit. This results in an estimated uncertainty of +0.2
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for both 3-values. The Q?-dependence obtained within the model has to be compared to
the result from a combined fit to the data giving § = 2.02 £ 0.07 [141]. Reasons for the
deviation of the calculated from the measured Q>-dependence might be the following: In
the model p, w and ¢ vector mesons are not explicitly treated but instead are included into
the mass continuum (Eq.(2.51)). If they were considered separately, a better agreement
between data and model results could be expected. However, in this case new parameters
would have to be introduced into the model which are not needed within the description of
multiparticle photoproduction discussed further below. Furthermore it should be noted
that the values of the kinematic variables s and @? in the NMC-experiment partially
exceed the region Q> < s where this approach is expected to be reliable.

2.5 A Model for Multiparticle Photoproduction off
Nuclei

According to the Gribov-Glauber approximation, photon—nucleus collisions are described
in terms of individual photon—nucleon interactions. Multiparticle production in photon—
nucleon interactions within the two-component DPM has been discussed in Sec. 2.3.
Therefore in this section emphasis is put on additional ingredients which are necessary
for the extension to nuclear targets and on the main steps of inelastic event generation.

With Eqgs.(2.51), (2.63), (2.72) and the treatment of point-like processes, the inelastic
photon—nucleus cross section can be written as

ol (s, Q) / 2B Tyea(s, Q% B) + A o (5, Q) (2.79)

where the profile function 7', 4 reads

2 My 2 2 M2 ? Q2 inel 2 2 D
TW*A(S,Q,B)=47raem/M§ aM? DO (3 | (1 eq ) oVl @7 M7, B)
(2.80)

The effective inelastic gg—nucleus cross section at impact parameter B follows from Eq.(2.63)
by inserting Eqs.(2.64) and (2.69)

2

) . (2.81)

A
1ne1( Q2 M2 _' / H d37,,ij(,rJ (
j=1
Note that T« 4 does not include point-like processes which is accounted for by the addi-
tional factor 1 — £ contained in the ¢g—nucleon amplitude ay .

Alternatively, oin¢
the form

ﬁ (1 + QZCLVN QQ, M2, éy))

might be expressed in terms of eikonal functions. Writing oi*¢ in

A
mel( Q2 M2 / H dsrij(Fj) Z 0k1,---,kA(8’ QQ’ M2’ Bla SRR BA) (2'82)

j=1 ki+..+ka>1

the quantities oy, .k, can be interpreted as the partial cross section for processes with
k, inelastic collisions with nucleon v (v =1... A)

Jkl,...,kA(S,Q2a MQ,Bl, .. .,BA) =



36 CHAPTER 2. PHOTOPRODUCTION OFF NUCLEI

A (2%6 XVN(Sa Q27 M27 B’V))k"
k,!

exp[_Qme XVA(87 QZ: M27 El; R EA)] : (283)

v=1

Here, the eikonal function yyy includes the factor (1 — £) (see also Eq.(2.67)).

In order to keep the expressions short low-energy coherence length effects have been
omitted in Eqs.(2.79-2.83). However, in actual event generation they are considered as
described in Sec. 2.4.3 and also further below.

The generation of a photon—nucleus particle production event proceeds as follows:

1. The treatment of each event starts with sampling of an initial spatial configuration
of nucleons according to nuclear densities (for example, for A > 4 from the Woods-
Saxon density distributions Eq.(2.65) [129]) and of Fermi-momenta of nucleons (see
Eq.(4.8) further below).

2. The impact parameter B of the photon—nucleus collision is sampled from the pre-
tabulated distribution T’ 4.

3. A mass M is assigned to the hadronic fluctuation according to the mass-dependent
part of the integrand in Eq.(2.80).

4. The photon interacts with a probability Aaf;i ~/0%%, as a point-like object. Hence

in this fraction of all photon-—nucleus interactions and corresponding to the cross
sections ai}irN and o3t} either a direct process or an anomalous (hard resolved)

scattering with one nucleon is generated.

5. The probability for the interaction of the hadronic fluctuation with the vth nucleon
(v=1...A) follows from the profile function Ty y of the gg—nucleon interaction

O-gl?\l/(saQ27M2) = /d2§ TVN(S7Q27M27§)
_ /d2B' (1— 1+ 2iayn(s, Q% M2 B)P) . (2.84)

The hadronic fluctuation of mass M undergoes an inelastic scattering with nucleon
v (at a transverse distance |B,|) according to the probability P, = Tyn(...,B,).
Here, only inelastic events are of interest. Therefore at least one nucleon is selected.
As a result, the number of so-called “wounded” nucleons is obtained.

6. It is checked that the coherence length of the hadronic fluctuation (Eq.(2.5)) allows
the sampled Gribov-Glauber cascade. If the longitudinal distance between any
of the previously determined nucleons exceeds the coherence length a subset of
wounded nucleons is selected for the further event generation which fulfills this
condition.

7. Particle production in direct processes or in inelastic ¢gnucleon interactions is
treated according to the PHOJET-realization of the two-component DPM described
in Sec. 2.3. In the present approximation, low- and high-mass single and double
diffractive processes are considered for one wounded nucleon only. In all other cases
only non-diffractive multiple soft and hard pomeron cuts are allowed. For example,
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for any of the non-diffractive gg nucleon scatterings the numbers of cut soft and
hard pomerons is sampled as discussed in Sec. 2.3.2. They might be considered
as the maximum numbers of cut pomerons in the particular event since the actual
contributing numbers are biased by energy-momentum conservation. In general,
first it is tried to generate as many of the sampled number of hard scatterings
as kinematically possible. The remaining phase space is then used by the soft
interactions, i.e. by strings between valence partons (if they were not involved in
hard scatterings) and sea partons. For example, if n, hard interactions have been
generated in total (say, non of them involving valence quarks), the momentum
fractions of the ns sea and valence partons of the gg-fluctuation (belonging to hard

scattering remnants and to cut soft pomerons) are sampled from the distribution
(c.f. Eq.(2.45))

1 Mg 1 Tg Nns+np

p(z1, ... Tp,) ~ =06 > m+ > z-1]. (2.85)
V122 =3 Ti  \j=1 j=ns+1

Here, z,,4+1,...,%n,+n, are the fractions of the momentum of the gg-system go-

ing into the hard scatterings. Additionally, further constraints are imposed. For

instance, the invariant mass of a string has to be larger than the lowest mass of

a hadronic state to which the quantum numbers of the quarks at the string ends

correspond. All color neutral strings are finally hadronized by means of the JETSET-
code [106,107] which is based on the Lund-model.

8. The inelastic event generation is followed by a formation zone intranuclear cascade
and a subsequent treatment of prefragments as described in Chapter 4.

It should be noted that only the main steps of inelastic event generation are listed. Further
mechanisms, such as multiple scattering of partons at string ends in the nuclear medium
(Cronin effect [142]), are implemented [143-145].

The formulation of the two-component DPM for photon—nucleus collisions as dis-
cussed so far is realized in form of the MC event generator DTUNUC 2.0. This event
generator for hadron—, photon— and nucleus—nucleus collisions is based on its previous
version 1.04 [145,146,48]. DTuNUC 2.0 includes the event generator PHOJET [32,33] for
the description of individual photon-—nucleon or hadron—nucleon scatterings. In compari-
son to DTUNUC 1.04 the following new features are incorporated:

e The model allows the description of cross sections and multiparticle production in
high-energy collisions of real and weakly virtual photons with nuclei [36,37].

e Particle production in each photon—, hadron— and nucleon—nucleon interaction is
based on the two-component DPM, i.e. it includes multiple soft and hard pomeron
exchanges.

e A formation zone intranuclear cascade is performed in both, the projectile and target
spectators in a consistent way (see Chapter 4). Excitation energies of prefragments
are calculated and their further disintegration is treated. This disintegration in-
cludes evaporation of nucleons and light nuclei from excited spectators, spectator
de-excitation via photon-emission, high-energy fission and fragmentation of light
spectator nuclei [56,57].
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2.6 Comparison of Model Predictions with Data on
Particle Production

One of the basic assumptions underlying the application of the two-component DPM to
photon-—nucleus collisions is that the mechanisms of soft hadronic multiparticle production
exhibit universal features irrespective of the nature of the colliding particles. This fact
was already emphasized before, for example by Engel and Ranft in [32,33] where the
description of high-energy hadron—hadron interactions based on the two-component DPM
was extended to photon-hadron and photon-photon interactions.

The same assumptions are applied in DTuNUC. As demonstrated in [32-34] hadron—
hadron and photon—hadron collisions are well understood within the model. From the
comparisons with data shown in [33,37] a few ones have been selected and are discussed
in the following. Furthermore the model is also able to reproduce most features of final
states in hadron—nucleus collisions (see for example [55,143,24,31,37]). Again, only a
few comparisons between DTUNUC results and data on inclusive particle cross sections
are chosen and discussed in this section. Relying on the predictive power of the model
it is then applied to multiparticle photoproduction off nuclei where the experimental
information is still sparse.

2.6.1 Photon—Hadron Collisions

Transverse momentum distributions of charged hadrons in photon-proton interactions
have been measured by the OMEGA-Collab. [147]. The data were obtained with a tagged
photon beam in the energy band 110-170 GeV. In Fig. 2.22 model results using the
average photon laboratory energy of 140 GeV are compared to these data in four different
Feynman-z bins (from the top to the bottom: 0.0 < zp < 0.2, 0.2 < zp < 0.4, 0.4 < 2p <
0.6 and 0.6 < zr < 0.8). The figure demonstrates that the data are very well described
up to zr = 0.6 whereas at higher zp-values (0.6 < zr < 0.8) the calculation overestimates
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PHOJET —
Figure 2.22: Transverse

momentum distributions

of charged hadrons calcu-
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001 k] | pared to data [147]. Re-
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the data slightly. However, in this xp-bin the distribution might be biased by the method
applied in the experimental analysis to subtract the forward-scattered p® mesons [147].
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Feynman-z distributions are usually studied in terms of the one-particle inclusive
variable F'(zyp) defined as

1 2F do 2p||
F — = — . 2.86
(zr) oo AW dzy W (2.86)

E, pj and W = /s denote the energy and longitudinal momentum of the final state
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particle in the photon-—proton c.m. system and the c.m. energy, respectively. In Fig.

2.23 the distribution F(zr) is plotted for positively and negatively charged hadrons from
interactions of 147 GeV muons with a proton target. The calculated distributions are
compared to data [148]. Within the calculations the flux of virtual photons radiated
by the muons is approximated based on the EPA (Eq.(2.75)) folded with Q?-dependent
photon—proton cross sections. According to the kinematic limits imposed on the data the
photon virtuality is restricted to 0.5 < Q? < 3 GeV? and the c.m. energy of the virtual
photon—proton system has to exceed 10 GeV. There is again a reasonable agreement of
model results and experimental data.

2.6.2 Hadron—Nucleus Collisions

Average multiplicities of singly charged particles (Lorentz-3 > 0.7, so-called shower par-
ticles) produced in interactions of pions and protons with carbon, copper and lead targets
are given in Table 2.1. For all configurations and studied energies a reasonable agreement
between calculated and measured values [149] is found.

In addition to the average values, also their distributions in hadron—nucleus collisions
are well described. For example, we shown in Fig. 2.24 the distribution of charged hadron
multiplicities in interactions of 525 GeV pions in nuclear emulsion together with data [150].
Here, the common chemical composition is used: about 28.6% light nuclei (H,C,N,0) and
71.4% heavy nuclei (Ag, Br).

Pseudorapidity distributions of shower particles have been calculated again for pion—
emulsion interactions, now for the two laboratory energies of 60 GeV and 525 GeV and for
pion-lead collisions at 50 GeV. The results are given in Fig. 2.25 together with measured
distributions [150,149]. In all cases, the data are well reproduced by the model.

Data on invariant 7%-production cross sections as function of the transverse momen-
tum have been published by the WA80-Collab. [151] for proton—gold collisions at 200 GeV.
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ELa,b:50 GeV ELab=100 GeV ELab:15O GeV

Drtunuc Exp. Drunuc Exp. Dtunuc Exp.

7t-C 7.3 7.62+0.14 9.0 9.19£0.17 9.9 10.01+0.18
mT—Cu 8.6 8.81£0.23 10.5 10.41+0.27 11.8 11.57+0.30
7T—Pb 10.1 10.11£0.38 12.2 11.54+0.44 14.3 13.08+0.50
pC 7.7 7.88+0.15 9.2 9.25£0.18 10.3 10.58+0.19
p—Cu 9.8 9.52+0.24 11.9 11.40+0.29 13.3 12.93£0.33
p—Pb 11.1 11.31+0.43 13.8 15.9 14.95+0.57

Table 2.1: Multiplicities of shower particles (8 >0.7) in interactions of pions and protons with
carbon—, copper— and lead—nuclei are compared to measurements [149)].
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1 dN 0.04 Figure 2.24:  Multiplic-
NdN; ™ ity distribution of shower

particles in pion—emulsion
0.02 interactions at FEp,, =
525 GeV. Results from

DTuNuUC are compared to

experimental data [150].

In Fig. 2.26a calculation results are compared to these data. Corresponding to the exper-
imental trigger conditions only neutral pions in the pseudorapidity range 1.5 < n < 2.1
are included in the plot. The transverse momentum distribution of negatively charged
hadrons from proton-tungsten collisions at 200 GeV is studied in Fig. 2.26b. Here, parti-
cles with rapidities between 1.0 and 1.9 are considered. In order to compare the shape with
experimental results [152] and because of the particular normalization of these data, they
were normalized to the calculated value at 0.16 GeV/c. As these comparisons demonstrate
also transverse momentum distributions are understood within the model.

Finally, in Fig. 2.27 we compare calculated inclusive cross sections for the production
of negative pions (a) and of positive kaons (b) as function of zr to data from proton—
carbon and proton—copper interactions at 100 GeV [153]. The measured cross sections
include only particles with transverse momenta of 0.3 GeV/c. From the calculated final
state, pions and kaons with 0.25 < p; < 0.35 GeV/c were taken into consideration. In
most of the studied zp-range the agreement is satisfactorily. At large zp-values (zg > 0.7)
significant statistical uncertainties within both, the data and the calculations, do not allow
to draw any conclusions.
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Figure 2.25: Pseudorapidity distributions of shower particles in pion-nucleus interactions: In
a) the model results are given for pion—emulsion interactions at Er,, = 60 GeV and 525 GeV
and are compared to measurements [150]. In b) they are shown for pion-lead interactions at
50 GeV together with data [149].
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Figure 2.26: Transverse momentum distributions in proton—nucleus interactions at 200 GeV:
In a) results of the model are shown together with data [151] on neutral pions from proton—gold
collisions. In b) the transverse momentum distribution of negatively charged particles from
proton-tungsten collisions is compared to data [152].

2.6.3 Photon—Nucleus Collisions
Average multiplicities

Experimental information on multiplicities in the kinematic range under investigation
in this chapter is available from lepton—nucleus interactions. Of course, the energy and
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Figure 2.27: Model results on Feynman-z distributions of negatively charged pions (a) and
positively charged kaons (b) from proton—carbon and proton—copper interactions at Ep,, =
100 GeV are compared to data [153].

virtuality of the photon radiated by the lepton varies within the limits imposed by the
trigger conditions and the data represent multiplicities of photon-—nucleus collisions which
are weighted with the photon flux and integrated over energy. Before testing the model
against these data it might be, however, interesting to study differences in the particle
production mechanisms between photon— and hadron—nucleus collisions, both at the same
projectile energy.

In Fig. 2.28 average numbers of target nucleons interacting with the projectile (1) as
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well as multiplicities of shower (N;) and heavy particles (V) are given for pion—, real
photon— and weakly virtual photon—copper interactions as a function of the projectile
energy in the nucleus rest frame. Again, shower particles are defined as singly charged
hadrons satisfying the condition 4 > 0.7. All other charged particles and light fragments
(except residual copper nuclei) are grouped together as heavy particles. Differences be-
tween the (1;)-values for pion and photon projectiles at fixed energy arise from differences
between the pion—nucleon cross section and the gg—nucleon cross section oy y (Eq.(2.58),
averaged over all masses M). Since the latter is slightly smaller, the real photon inter-
acts on average with less nucleons than the pion. As it will be discussed in Chapter 4,
(Ny) includes the nucleons interacting with the projectile ({(¢;)) and with secondary par-
ticles as well as nucleons and fragments from the disintegrating spectator. The number
of these particles is strongly correlated with (1;). Therefore (Nj,) shows a similar (weak)
energy dependence as (1) whereas () rises rapidly with energy. Furthermore due to
the approximate 1/Q?-dependence of oy, (v;) decreases with Q? at fixed energy. For
example, this is shown in Fig. 2.29a for photon—copper interactions at a photon—nucleon
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2 ’Y—CU 8 - ')/*-Cll * ww <> <> _|
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Figure 2.29: In a) the Q?-dependence of the average number of copper nucleons interacting with
the photon (v4) is given for a photon—-nucleon c.m. energy of 150 GeV. In b) the dependence of
the average heavy particle multiplicity on v, is shown for proton, pion, real photon and weakly
virtual photon (Q? = 2 GeV?) projectiles.

c.m. energy of 150 GeV, an energy which could be possibly available in the future for
photon—nucleus collisions at HERA [59]. In the model, the average heavy particle multi-
plicity is approximately proportional to v;, irrespectively of the nature of the projectile.
This dependence is shown in Fig. 2.29b for protons, pions, real and weakly virtual photons
(Q? = 2 GeV?) interacting with copper nuclei. Again, 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 by subsequent intranuclear cascade processes (see Sec. 4.1.2) and not
on particular properties of the interactions of the projectile with single nucleons [56,57].

Calculated average shower particle multiplicities in interactions of 150 GeV muons in
emulsions are compared to data [154] in Fig. 2.30. Corresponding to the experimental
conditions, the calculated values contain only multiplicities of events with at least three
heavy particles in the final state. The photon flux is again approximated according to
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the EPA folded with the QQ?-dependent photon—nucleus cross sections. The multiplicities
are plotted as function of the inverse of the Bjorken-z variable. In this representation
the average photon virtuality decreases from about 8 GeV? in the lowest bin (1/z < 10)
to about 0.9 GeV? in the highest bin [154]. The calculated values agree with data in
the kinematic region of photoproduction (Q* < 4 GeV?, 1/x > 25), but underestimate
the data for higher virtualities. This fact indicates that the model may fail in describing
particle production in interactions with photons of relatively high virtualities at low en-
ergies, i.e. where the condition Q% < 2myv (Eq.(2.2)) is not fulfilled. However, it has to
be noted that whereas the calculations are based on 50000 simulated events in total, the
data include only about 17 events in each 1/z-bin [154]. For this reason and taking into
consideration that the emulsion is composed of 6 elements and that the kinematics at the
muon-photon vertex is different in each event, the statistical significance of the data is
limited.

Finally, in Fig. 2.31 calculated multiplicities from interactions of 490 GeV muons with
xenon nuclei are compared to data of the E665-Collab. [155]. The limits Q* > 1 GeV?,
8 < W < 30 GeV, z > 0.002 and 0.1 < v/E, < 0.85 (with v being the photon energy
in the laboratory) define the considered kinematic region. Only those charged particles
are included which have laboratory momenta exceeding 200 MeV/c. Note that despite
of the rapidly decreasing distribution of photon virtualities towards high Q?-values, still
a considerable fraction of events falls outside of the Q%-region where the model can be
expected to be reliable. In Fig. 2.31a the energy dependence of multiplicities is shown
for all and for positively and negatively charged hadrons. The measured values are well
reproduced by the model. In Fig. 2.31b the multiplicities of all charged hadrons are given
separately for the forward and backward direction of the photon—nucleon c.m. frame. In
the xenon hemisphere (backward direction) the values are affected by target associated
particle production and depend strongly on the laboratory momentum cut applied to
the final state hadrons. Multiplicities averaged over all energies of the photon-—nucleus
interaction are compared to data [155] in Table 2.2. In addition to the results for xenon
target those for deuterium are given.
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Figure 2.31: Dependence of average multiplicities of charged hadrons on the squared energy
of the photon—nucleon c.m. system in muon—xenon interactions: In a) average multiplicities
of all (N¢n), of positively (N1) and of negatively charged hadrons (N_) are shown. In b)
the multiplicities are given for positive (Np) and negative c.m. rapidities (Np). Calculated
multiplicities are compared to data [155].

put—Dg ut—Xe
Dtunuc 2.0 Exp. Dtunuc 2.0 Exp.

(Nen) 7.7 7.83+0.07 10.8 9.9940.13
(N,) 41 4.16+0.05 6.8 6.0040.11
(N_) 3.6 3.6740.05 4.0 3.9940.06
(Ng) 41 4.60+0.05 42 4.7040.07
(Ng) 3.6 3.2340.04 6.6 5.2940.11

Table 2.2: Average multiplicities in muon—deuterium and muon-xenon interactions at 490 GeV.
Values obtained within the model are compared to data of the E665-Collab. [155].

Inclusive particle distributions

In Fig. 2.32 pseudorapidity distributions of shower particles calculated for muon—emulsion
interactions at 150 GeV are compared to data, again taken from Ref. [154]. According
to the experimental conditions the kinematic limits imposed on the calculated events
are 0.6 < @* < 21 GeVZ and 9 < W < 16.5 GeV. The distributions shown in a) and
b) cover different but overlapping W-ranges: in a) both, data and model results, are
restricted to the energy range 9 < W < 14 GeV and in b) to the range W > 10 GeV
((Q?) = 2.7 GeV?). Comparing first the two data-sets, which include 43 events in a)
and 47 events in b) [154], one may draw the following conclusion: In a) the measured
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Figure 2.32: Model results on pseudorapidity distributions of charged hadrons (8 > 0.7) from
muon—emulsion interactions at 150 GeV are shown together with data [154]. In a) the photon—
nucleon c.m. energy range is restricted to 9 < W < 14 GeV (filled dots, thick histogram). In
addition, the pseudorapidity distribution of charged hadrons from pion—emulsion interactions at
60 GeV is plotted (thin histogram) and compared to data [156] (open dots). In b) the results
for W > 10 GeV are given. In both distributions only events with N > 3 are included.

distribution is peaked at about n = 1.25, an enhancement which is not present in b).
On the other hand, the kinematic region of both data-sets does not overlap only in the
interval 9 < W < 10 GeV. For this reason, the “peak” in a) possibly reflects statistical
fluctuations within the data (c.f. also the discussion to the comparison with data from
Hand et al. [154] in the previous section). For n > 2 the agreement between model
results and data is reasonable. Furthermore the comparison suggests that both agree in
normalization (i.e. in the average multiplicity of shower particles), whereas the maximum
of the calculated distribution appears at a somewhat higher pseudorapidity than the one
of the data. In order to understand this discrepancy an additional comparison is shown
in Fig. 2.32a. It demonstrates that for pion—emulsion interactions at 60 GeV [156] the
pseudorapidity distribution is well reproduced by the model, both, in shape and in the
position of the maximum. The energy of 60 GeV corresponds to the average photon
laboratory energy in the muon—emulsion data-set shown in this figure. Also the cuts on
both data-samples are similar: only events with at least three heavy particles in the final
state are considered and the definitions of “shower particle” are identical. Therefore and
with respect to conclusions drawn from comparisons with data further below we attribute
the discrepancy in the position of the maximum to the statistical uncertainties of the
experiment.

In Figs. 2.33 and 2.34 c.m. rapidity distributions of positively (a) and negatively
charged hadrons (b) are shown for interactions of 490 GeV muons with deuterium and
xenon. The model allows a satisfactory description of the data [155] except for the produc-
tion of positively charged particles in the target fragmentation region of the muon—xenon
interaction (Fig. 2.34a, y & —3). The peak present in the calculated distribution clearly
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Figure 2.33: Rapidity distributions of positive (a) and negative hadrons (b) from muon—
deuterium interactions at 490 GeV. Model results are compared to data in the energy range
20 < W < 30 GeV.

reflects the production of target associated particles by intranuclear cascade processes
which, of course, appears if a momentum cut as low as 200 MeV/c in the laboratory
frame is applied to the results. In general, the multiplicity seen in the target fragmen-
tation region depends strongly on this cutoff. For the following reasons we assume that
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Figure 2.34: As in Fig. 2.33, here for muon-xenon interactions.

the differences might be due to additional kinematic cuts applied to the data or due to
experimental uncertainties (with respect to the momentum cutoff): (i) the models for
slow particle production implemented in DTUNUC 2.0 are in good agreement with data
from hadron—nucleus as well as nucleus—nucleus collisions [56,57] (see Chapter 4), (ii)
the dependence of shadowing on the photon virtuality and energy is qualitatively under-
stood within our model and describes corresponding data of the E665-Collab. reasonably
well [36] (see Sec. 2.4) and (iii) the rapidity distributions of negatively charged particles
and of positively charged particles outside of the target fragmentation region in muon—
xenon interactions and of charged particles in muon—deuterium interactions agree well
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with E665-data.

The distribution of charged hadrons in the observable z = E/v (E and v being the
secondary hadron energy and the photon energy in the target rest frame, resp.) was
experimentally studied by Adams et al. [157] in muon-xenon interactions at 490 GeV.
In Fig. 2.35a this distribution is compared to model results. The kinematic boundaries
for this comparison are given by x < 0.005, @*> < 1 GeV? and v > 100 GeV. A good
agreement within the whole z-range is found. Furthermore experimental information
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Figure 2.35: In a) calculated energy-distributions of charged hadrons from muon—xenon inter-
actions at 490 GeV are compared to data of the E665-Collab. [157]. In b) calculated Feynman-x
distributions of charged hadrons from muon-deuterium interactions at Er,, = 147 GeV are
shown together with data [148].

exists with respect to Feynman-z distributions (see Eq.(2.86)) of charged hadrons [148].
A corresponding comparison of model results and data from muon—deuterium interactions
at 147 GeV is shown in Fig. 2.35b. In agreement with the experimental trigger conditions
the analysis has been restricted to photon virtualities in the range 0.5 < Q? < 3 GeV?
and to photon—nucleon c.m. energies exceeding 10 GeV.

Finally, we turn to transverse momenta of charged particles produced in muon—
deuterium interactions and compare in Fig. 2.36 the transverse momentum distributions
of positively and negatively charged hadrons in different zp-ranges to data [148]. The
DTuNuC results are presented as histograms whereas curves show fits to measured p, -
distributions. The experimental uncertainties are increasing with p, and are at least
of the order of the differences between the fits for positive and negative particles [148].
Taking them into consideration it follows that a satisfactory agreement between data and
calculations exists. It is a well-known feature of minimum-bias particle production that
the average transverse momenta of produced charged particles are correlated with their
longitudinal momenta (seagull effect). In Fig. 2.37 this is shown for interactions of pho-
tons radiated off 147 GeV muons with deuterium. At large xp-values the model results
slightly deviate from the data. However, the considerable statistical uncertainties within
the data at large xr do not allow to draw further conclusions.
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Figure 2.36: Transverse momentum distributions of charged hadrons from muon—deuterium
interactions at 147 GeV. Model results (histograms) for different Feynman-z bins are shown
together with fits to data as given in [148].
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The nuclear dependence of particle production

In order to study the dependence of particle production on the mass number A of the
nuclear target, inclusive single particle cross sections, like pseudorapidity (do/dn), trans-
verse momentum (do/dp? ), or Feynman-z distributions (do/dzr), are usually fitted to a
A%-behavior. In the fragmentation region of the target nucleus a can exceed the value of
one due to the formation zone intranuclear cascade. In the projectile fragmentation region
of photon—nucleus collisions « can be expected to approach unity (i) for small gg—nucleon
cross sections, such as at low energies or for Q? > 0, (ii) for point-like photon interactions
at high energies and (iii) at large transverse momenta due to hard interactions. In order
to outline differences between the nuclear dependence for hadron and photon induced
collisions the discussion is restricted to the projectile fragmentation region.

In the following fits to calculated distributions for interactions of protons, real photons
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and virtual photons (Q* = 1 GeV?) with carbon, aluminum, copper, silver, xenon and
gold are discussed. Only charged hadrons with 3 > 0.7 (shower particles) are taken into
consideration.

In Fig. 2.38, a(n) is shown for the three interaction channels and a laboratory energy
of 250 GeV. In addition data from proton—nucleus interactions [158,159] are plotted. For

1.6 T T T
Elias et al., 200 GeV, p 1o+
1.4 - Burke et al., 200 GeV, p re—
DTuNuc 2.0, 250 GeV, p *
L2 | ’YZ : 7 Figure 2.38: Nuclear dependence

of the pseudorapidity distributions
of charged particles: do/dn ~
A Model predictions for
proton—, real photon— and virtual
0.6 - Tk XXy k 7] (Q* = 1 GeV?) photon—nucleus
ok collisions are plotted together with

! ! ! ! measurements of proton—nucleus in-

3 4 3 6 7 8  teractions [158,159].

n > 5.5 the model underestimates the measured nuclear dependence. At all n-values, «
is larger for photon- than for proton-projectiles. This reflects a stronger A-dependence of
the cross sections (less shadowing) which is due to the smaller gg—nucleon cross sections
as compared to proton—nucleon cross sections.

Unfortunately, experimental information on the p,-dependence of « in proton—nucleus
collisions exists, up to our knowledge, only for secondaries with large angles in the labora-
tory frame. Since with the model a strong dependence of the a-values on this kinematic cut
is found and, on the other hand, any kinematic restriction requires an enormous amount
of simulated events in order to obtain the same statistics as without cuts, a conclusive
comparison is difficult. In Fig. 2.39a the nuclear dependence is studied in proton—nucleus
interactions at 250 GeV. From the calculated events only those final state particles with
xrp > 0 enter the analysis which have polar angles in the proton—nucleon c.m. frame of
Oems > 70°. In addition the following measurements are plotted: charged pions from
proton—nucleus interactions at 250 GeV [160] and 400 GeV [142], and positively and neg-
atively charged hadrons from 400 GeV protons—nucleus collisions [161]. The calculated
a-values show the same p,-behavior as the the measured ones: Below p; ~ 0.3 GeV/c
« decreases slightly becoming p, -independent up to p; =~ 0.7 GeV/c where « starts to
increase. Within the model, the high-p, behavior can be explained (i) by the Cronin
effect which is treated by applying multiple scattering to the partons at the chain ends
taking into account their path lengths inside nuclear matter [31,145] and (ii) by the fact
that hard interactions mostly occur in events where the projectile interacts with one nu-
cleon only (non-shadowing behavior). In Fig. 2.39b again model predictions for the three
channels are compared to each other. Now, all charged final state hadrons with xr > 0
have been included.

Finally, in Fig. 2.40 « is plotted as function of the Feynman-z variable together with
experimental results [153] obtained from secondaries with p; ~ 0.3 GeV/c. In order to
obtain reasonable statistics within the calculations all charged hadrons regardless of their
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Figure 2.39: Nuclear dependence of the transverse momentum distributions of charged particles:
do/ dpQL ~ A1) In a) DTUNUC results for proton—nucleus collisions are compared to several
measurements [160,142,161]. From the calculated final state only forward charged hadrons with
polar angles in the proton-nucleon c.m. system larger than 70° are included. In b) model
predictions for proton-, real photon— and virtual (Q? = 1 GeV?) photon-nucleus collisions and
positive Feynman-x are given.
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to experimental data [153].

transverse momenta have been taken into consideration. An agreement with the data is
found up to zr =~ 0.5. At larger zp the calculated a-values are smaller. For photons «
is larger throughout the whole xg-region; it decreases only weakly with increasing zy for
real photons and remains even constant at about a(zr) = 1 for weakly virtual photons.

2.7 Jet Photoproduction off Nuclei at HERA-Energies

In the following properties of hadronic jets produced in interactions of real photons with
nuclei are studied at energies which might be reached with nuclear beams at HERA.
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Assuming nuclei with equal numbers of protons and neutrons the nuclear beam will have
an energy per nucleon of 410 GeV [59]. With an average photon energy of about half of
the electron energy (27.6 GeV) the photon-nucleon c.m. energy will be about 150 GeV.

As it has been shown in the analysis of data from HERA on photon—proton colli-
sions [20] the study of jet production may confirm for the subdivision into direct and
resolved photon interactions. Therefore it can be expected that differences between
hadron-—nucleus and photon-—nucleus collisions and characteristic features of point-like
photon interactions emerge most clearly in a study of jet production. In the following
all observables used refer to the photon—nucleon c.m. system. Jets are defined accord-
ing to the Snowmass-convention [162]. In the plane of pseudorapidity n and azimuthal
angle ¢ a jet is defined as a collection of particles contained in a cone of radius R = 1
(\/(An)2 + (A¢)? < 1, with Anp and A¢ being the pseudorapidity and polar angle of a
secondary with respect to the jet axis). The transverse energy Ejft of a jet is defined to
be the sum of the particle transverse energies inside the cone. The jet pseudorapidity 7't
is calculated as F, -weighted average over the pseudorapidities of the particles belonging
to the jet.

In Fig. 2.41a the transverse energy distributions of jets from proton— and photon—
carbon interactions are compared. Similar to proton/photon—proton interactions [33],
the F'* distribution extends to higher transverse energies for photon nucleus collisions
as compared to proton-nucleus collisions. It can be explained (i) by the ability of the
photon to enter the hard interaction directly and (ii) by the properties of the photon
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Figure 2.41: In a) transverse energy distributions are shown for hadronic jets from proton—
carbon and real photon—carbon interactions at an energy of 150 GeV in the proton/photon—
nucleon c.m. system. In b) the pseudorapidity distributions of the jet axes are shown for two
lower cuts in transverse energy.

PDF's which are “harder” as compared to the proton PDFs. Both facts account also for
the differences between the two channels in the pseudorapidity distributions of the jet
axes in forward direction (7’®* > 0). In backward direction the soft underlying event,
being more pronounced for proton projectiles, is responsible for a higher jet rate. The
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pseudorapidity distributions are shown in Fig. 2.41b for jets with transverse energies above
6 GeV and 10 GeV.

Jets originating from direct and resolved photon interactions might be separated if jet
production is analyzed as function of

Ejetle,qjetl + Ejeth,qjew
LBy 1

2F,

xobs

(2.87)

where E., denotes the photon energy. z°" can be considered as an estimate for the fraction

of the projectile momentum entering the hard scattering [126,124]. In Fig. 2.42a z°-
distributions are shown for proton—carbon, photon—carbon and photon—sulfur interactions.
Point-like photon interactions contribute almost exclusively to the region z°> > 0.6. The
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Figure 2.42: Dependence of jet production on z°% at a proton/photon-nucleon c.m. energy of
150 GeV: In a) the x°"-distributions for interactions with carbon and sulfur targets are plotted.
In b) jet profiles are shown as function of the distance in pseudorapidity from the jet axis for
different z°P5-bins.

specific properties of jets and of the underlying event are usually studied in terms of
jet profiles. This is shown for photon-carbon interactions and different x°*-bins in Fig.
2.42b where the average transverse energy is plotted as a function of the distance in
pseudorapidity from the jet axis. Since in direct photon interactions there is no photon
remnant which could contribute to the jet pedestal, the transverse energy outside the jets
is decreasing with increasing z°%.
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Chapter 3

Aspects of Single Diffractive
Interactions

Diffractive hadronic collisions are peripheral processes which typically exhibit multiparti-
cle final states with “rapidity gaps”, i.e. rapidity regions with strongly suppressed particle
density. Experimentally, these rapidity gaps are often used to identify this class of pro-
cesses. Single diffractive interactions are characterized, for instance, by a quasi-elastically
scattered projectile at large rapidities, a rapidity gap and a multiparticle final state of a
certain invariant mass Mp in the target rapidity region. They are present with significant
cross sections in hadron-hadron as well as hadron—nucleus collisions.

As initially mentioned the treatment of diffractive interactions in cascade calculations
might be important, especially if secondary particles at large depths in material (like
the atmosphere) have to be studied. For instance, the inclusion of target diffraction
dissociation, i.e. processes in which the projectile keeps almost all of its momentum, into
cosmic ray cascade calculations may result in higher fluxes predicted for vertical single
hadrons at sea level [17,18]. Due to the rapidly dropping primary energy spectrum these
fluxes are sensitive to those cosmic ray showers where the primary proton has either
undergone much fewer interactions than on average or mostly peripheral interactions [18].

In this chapter two aspects of high-energy single diffractive processes are discussed,
single diffraction dissociation in hadron—nucleus collisions [48] and single hard diffrac-
tion [49]. Sec. 3.1 describes the treatment of single diffractive hadron—nucleus collisions
in the framework of the DPM. In particular, nucleus diffraction dissociation is considered
in comparison with data on cross sections and multiparticle production [38]. Hadronic
cross section fluctuations are introduced into the Gribov-Glauber approximation and
their influence on diffractive cross sections is studied. In Sec. 3.2 hard diffractive in-
teractions are discussed. The production of particles with large transverse momenta is
approximated by 2 — 2 scattering processes between partons in the pomeron and par-
tons in the hadron. This requires suitable assumptions for pomeron parton distributions.
Here, pomeron PDF's are obtained from a parametrization of the deuteron structure func-
tion which is motivated by Regge theory and by applying Regge-factorization [112,163].
Finally, model results on hard diffractive particle production in proton—antiproton and
photon—proton collisions are compared to data [164,165].
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3.1 Single Diffractive Hadron—Nucleus Interactions

Usually, coherent and non-coherent single diffraction dissociation is distinguished. Whereas
in the former the projectile interacts diffractively with the nucleus as a whole [45] the
latter is based on interactions of the projectile with single nucleons. In the following
non-coherent processes are considered. Particular emphasis is put on diffractive nucleus
decay since for this channel detailed experimental data exist.

In general, the projectile nucleon may scatter diffractively off several target nucleons.
However, target diffraction dissociation involving more than one nucleon is assumed to
be suppressed. In this study single diffraction dissociation in hadron-—nucleus collisions is
therefore approximated by single diffractive interactions of the projectile with only one
target nucleon. All results discussed throughout this section are published in [48].

3.1.1 Single Diffractive Cross Sections

The cross section for single diffractive nucleus decay can be estimated as follows. It
is equal to the partial Gribov—Glauber cross section for the inelastic interaction of the
hadron with one nucleon 0", multiplied by the ratio of the (one-vertex) single diffractive

to the inelastic hadron—nucleon cross sections

TN

sd __ inel

OhA = inel 9hA,1 - (3.1)
OrN

The calculation of "¢ and o4, within the two-component DPM has been described

in [28,47]. The cross section o}§; is obtained on the basis of a MC algorithm sampling
inelastic events. It follows from the inelastic Gribov—Glauber cross section by multiplying
it with the fraction of events where only one target nucleon is selected. The realization
of the Gribov-Glauber formalism for hadron-—nucleus collisions is similar to the one for
gq—nucleus interactions discussed in Sec. 2.4.3 except for different parameters entering the
hadron—nucleon scattering amplitude [129,55].

In Fig. 3.1 results are shown for different target nuclei and Eyp., = 450 GeV (open

dots) together with data for beryllium, aluminum and tungsten [38]. The calculations sig-
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nificantly overestimate the measured values. This deviation might be caused by kinematic
cuts applied to the data. The mass number-dependence of the cross sections can be stud-
ied by fitting an A*-behavior to the cross section values. A fit to the model results yields
o = 0.21 4+ 0.03 which has to be compared to the experimental value of o = 0.35 + 0.02.
A way to resolve this discrepancy is to introduce cross section fluctuations. Due
to their substructure hadrons may interact in varying internal configurations (the cross
section eigenstates of the interaction). A necessary condition for a hadron of momentum
Prab and mass m to be “frozen” in a certain configuration during the time of passage
through a target nucleus follows from the uncertainty relation [166]:
L 2prap
AE = M2—m?’
Here, R is a typical nuclear size and M is the mass of the inelastic cross section eigenstate.
This aspect of high-energy hadron—nucleus interactions can be taken into account by
incorporating the concept of hadronic cross section fluctuations (see [167] and references
therein). According to this concept the cross section of the considered scattering process
is obtained by calculating first the cross section for a particular internal configuration
and then integrating over all possible configurations weighted with their probabilities.
For baryons the following cross section distribution P is assumed [167] (see Fig. 3.2)

o/o o —og\"
ro)~ e - ()] (33)
with a = 0.1, 0¢/{0) = 0.893, Q = 1.1 and n = 6.
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2R S (3.2)

At small o (configurations with small transverse size) this distribution is motivated by
quark-counting rules which imply a o™ 2-behavior with N, being the number of valence
quarks. Further constraints on the shape of P(o) are imposed by considering the variance
and the cubic moment. For instance, the variance can be related to nuclear shadowing
and, therefore, to data on diffraction and elastic scattering [167].

Introducing cross section fluctuations according to Eq.(3.3) into the Gribov-Glauber
formalism the fraction of events with only one wounded nucleon and therefore o}, in-
crease. Consequently, also the single diffractive hadron-—nucleus cross section becomes
larger, especially for heavy target nuclei as shown in Fig. 3.1. A fit of an A%*-behavior
to these results yields o = 0.29 + 0.03 being now consistent with the expectations for

peripheral collisions, i.e. a &~ 1/3.



CHAPTER 3. ASPECTS OF SINGLE DIFFRACTIVE INTERACTIONS 57

3.1.2 Single Diffractive Particle Production off Nuclei
Single diffraction dissociation in DTUNUC

Incoherent single diffractive hadron—nucleus interactions have been implemented into the
event generator DTUNUC 1.04 [145,146] in the approximation of single diffractive hadron—
nucleon collisions as follows [48].

As discussed in Sec. 2.3.1, diffractive processes receive contributions from high- and
low-mass components. High-mass single diffractive particle production can be related to
an unitarity cut of the triple-pomeron graph (Fig. 3.3a,b). Fig. 3.3b implies that diffractive
particle production might be interpreted as an “ordinary” scattering process between a

‘ high-mass t X [ow-mass t h

h — h h ‘ - h

: . < < 1 .

<% 1 < My

Nl @}‘V Nl —— Nl )‘/ Nl

Al N N, . Ny ; Ny

1
Na ! Na Na : Na

(a) (b) (c) (d)

Figure 3.3: Approximation for the description of single diffractive hadron—nucleus interactions:
The hadron interacts diffractively with only one target nucleon. Whereas the hadron is quasi-
elastically scattered (momentum transfer t) the nucleon turns into an excited state of mass Mp
and decays diffractively. In terms of the DPM, diffractive particle production is described by
diffractive unitarity cuts of the two-pomeron exchange graph subdivided into a) high-mass and
c¢) low-mass contributions. In the present realization of the model these cuts correspond to two
(b) and one chains of particles (d).

purely theoretical object (the pomeron) and a nucleon at an energy corresponding to the
diffractive mass Mp. Particle production in the target rapidity region is dominated by two
strings of total invariant mass Mp which connect a quark-antiquark pair of the pomeron
with the valence partons of a nucleon (Fig. 3.3b). In each event the kinematic variables
Mp and t are calculated according to the differential cross section for high-mass diffractive
nucleon dissociation in the triple-pomeron approximation (s > M2 > sy, M2 > |t|, c.f.
also the integrated cross section Eq.(2.30))

d?orp N 1 s\2% [ s, 1+A S
dth% ~ 167 (9hr) 9N PYsmr (%) ﬁ% exp (b5 1) (3.4)

where s denotes the squared hadron—nucleon c.m. energy and the slope 5%, is given by
s
By = bhp + b3p + 20p(0) In (W) : (3.5)
D

The diffractive masses approximately follow a 1/M3-distribution (A z = 0.08) and the mo-
mentum transfer is exponentially distributed. If not constrained by experimental trigger
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conditions the upper limit in the Mp-selection has to obey the coherence condition [168]

S

M < (3.6)

myR

where R ~ 1/m, is a typical hadronic interaction radius.

It should be noted that in general all three pomerons of a triple-pomeron graph have
to be treated as renormalized objects representing elementary multiple pomeron exchange
diagrams (see Fig. 2.5). Hence it was recently suggested to apply the complete multiple
scattering formalism of the two-component DPM to pomeron-hadron scattering [91,34].
However, as shown in a study of single diffractive hadron-hadron scattering [47] and with
respect to the few data available on hadron—nucleus diffraction dissociation it turns out
to be sufficient for a first approach to describe the pomeron—nucleon interaction by the
exchange of one soft pomeron [48]. This applies of course only if the scattering energy is
not too high (E., < 500 GeV in the hadron-—nucleon c.m. system).

Low-mass diffractive particle production is characterized by the excitation of the nu-
cleon to a state of small Mp which either corresponds to the mass of a nucleon resonance
or is treated as one string (Fig. 3.3d).

In both cases, in low- and high-mass diffraction dissociation, strings are hadronized
applying JETSET [106,107]. Finally, the particles formed in the hadronization process
may undergo secondary interactions inside the target nucleus (formation zone intranuclear
cascade) [54,55].

Comparison to experimental data

Nuclear target diffraction dissociation has been studied experimentally by only a few
Collaborations [38,39]. Detailed results were published by the HELIOS-Collaboration on
diffractive interactions of 450 GeV protons with beryllium, aluminum and tungsten [38].
In this section results obtained within the above discussed approximation are compared to
these data. In agreement with experimental trigger conditions only those calculated events
are considered in which the diffractive mass and the transverse momentum of the quasi-
elastically scattered proton fulfill the conditions M3 < 0.075s and 0.1 < p; < 0.6 GeV/c,
respectively.

In Fig. 3.4 the zp-distribution of the single diffractive cross section is shown. Here
the variable zp is defined in the proton—nucleon c¢.m. system (the proton is moving along
the positive z-axis) and denotes the ratio of the longitudinal proton momentum after the
interaction to the momentum of the incoming proton, zr = (p||/p)ems. It is related to the
diffractive mass by M2 ~ (1 — zr)s. In order to compare the shapes of the calculated
and measured distributions the former have been normalized to the data at zp ~ 0.98.
As expected, a 1/M2-dependence describes the observed behavior in most of the studied
Mp-region rather well.

In Fig. 3.5 the dependence of the differential single diffractive cross section on the
momentum transfer ¢ is compared to data for the three targets. Again the calculated
distributions are scaled. The slopes agree for [t| > 0.1 GeV? whereas the increase of
the slope towards smaller |¢|-values which might be caused by a background of elastic
processes is not reproduced by the calculations since they include diffractive processes
only.
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Figure 3.4: The differential single diffractive cross section do;‘il /dxp is shown as function of
the Feynman-x of the quasi-elastically scattered proton for proton—beryllium, —aluminum and
—tungsten interactions. Model results are compared to data [38].

I I I
HELIOS-Collab. re—i | i |
DtunNuc 1.04 — Ts .

3
100 Be % Al T %5 W
do®d, T T ]
dt T T i
( mb T i 1
GeV?2 i i { i
| | | 1 | | | 1 | | | ]
0 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3 0.4
|t] (GeV?) [t] (GeV?) [t] (GeV?)

Figure 3.5: Calculated momentum transfer distributions in single diffractive proton—beryllium,

—aluminum and —tungsten interactions are compared to measurements of the HELIOS-
Collab. [38].

Within the model the slope b;‘}v decreases with increasing M3 according to Eq.(3.5)
which is in agreement to experimental results from diffractive hadron—-hadron and photon—
hadron scattering [168-172]. The data on diffractive nucleus decay in hadron-—nucleus
interactions seem to indicate the opposite behavior as given in Table 3.1 for beryllium
and tungsten target. Hence the incoherent treatment might not be sufficient for large
nuclei in the region of low ¢-values.

Furthermore the model of diffractive particle production can be tested by studying
observables related to the produced particles. In Fig. 3.6a the multiplicity and in Fig.
3.6b the pseudorapidity distributions are shown for beryllium target. Though a qualita-
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Be W
Drtunuc | Exp. | DTunuc | Exp.
0< M <0.01s 6.7 5.3+0.5 6.5 6.6+0.5
0.02s < M3 < 0.03s 6.3 6.5£0.5 6.3 8.0+0.8
0.05s < M2 < 0.06s 6.1 7.0£0.5 5.9 8.3£0.7

Table 3.1: Slope parameters of the exponential t-dependence in single diffractive proton—
beryllium and —tungsten collisions. Model results are compared to data [38] in different ranges
of the diffractive mass. The slopes are given in units of GeV 2.
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Figure 3.6: Single diffractive proton—beryllium collisions at Ep,, = 450 GeV: In a) the calcu-
lated multiplicity distribution and in b) the pseudorapidity distribution of produced particles
are compared to data [38].

tive agreement between model results and data exists uncertainties remain with respect
to the experimentally considered data sample. For example, in Ref. [38] it is not men-
tioned whether neutral pions or their decay products are included into the experimental
distributions. The calculated distributions shown in Fig. 3.6 contain the photons from
m9-decays.

The same uncertainty is present in the comparison of average pseudorapidities (n) of
diffractively produced particles shown in Fig. 3.7. Additionally, the experimental results
are not corrected for limited detector acceptance. Again the model is able to reproduce
the overall trend of increasing (1) with increasing diffractive mass. However, further
conclusions cannot be drawn until corrected data are available.

Finally, in Fig. 3.8 the dependence of the average transverse momenta of the final state
particles on the diffractive mass is compared to data on proton—beryllium collisions [38].
A good agreement between model results and data is obtained.
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DTUNUC results are compared to data of the HELIOS-Collab. [38].
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3.2 Single Hard Diffraction

In collisions between hadrons jet production reflects partonic properties of the inter-
acting particles. Similarly, the study of hard diffraction was proposed to provide an
insight into the nature of the pomeron [173]. A partonic substructure should mani-
fest itself in high-mass diffractive scattering through the appearance of jets. Following
this suggestion first experimental evidence for jet production in single diffractive proton—
antiproton [174,164,175] and photon—proton interactions [165,176] was found. The mea-
surements indicate that, in contrast to hadrons, the pomeron is characterized by hard
PDF's, i.e. a substantial fraction of the pomeron momentum may enter the 2-parton scat-
tering process.

Beside experimental investigations the pomeron substructure has been subject to nu-
merous theoretical studies, for example [177-185,163,186,187,49]. Unfortunately the data
do not yet allow to draw definite conclusions concerning parton distributions inside the
pomeron.
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In the following an attempt is discussed to describe hard diffractive particle production
on the basis of pomeron PDFs motivated by Regge theory together with lowest order
perturbative QCD for the partonic scattering process [49]. Since inelastic hadron-hadron
collisions dominate hadronic particle production in cosmic ray cascades special emphasis
is put on single hard diffraction in proton—antiproton interactions.

3.2.1 Hard Diffractive Processes in the Triple-Pomeron Approx-
imation

The differential cross section for high-mass single diffraction dissociation in the triple-
pomeron approximation (c.f. Eq.(3.4)) can be written as a product of a “pomeron-flux”
factor ®pp, and an effective pomeron—hadron cross section opy, (hy and hy denote the
interacting particles, such as hadrons or real photons)

dQUTP,h
5 WM%Z = O pin, (5, M, t) opn, (M, 1) (3.7)
with
1 M2 1—2aﬂ~p(t)
2 0 MB\"F
orh(Mp,t) = Sogp,pgsr(t) 5o . (3.9)

Since the pomeron is a theoretical object only the product of pomeron-flux and pomeron—
hadron cross section is an experimentally measurable quantity. The cross section opp,
depends of course on the definition of the pomeron-flux factor and vice versa.

Diffractive jet production rates can be estimated by substituting in Eq.(3.7) ops, by
the cross section o}f;m for a single hard scattering between a parton of the pomeron and
a parton of the hadron (see also Fig. 3.9)

d20_¥P ho
8 )
dtd M2

The hard cross section U}}Igh is obtained within lowest order perturbative QCD

dal - cu
1p(21, Q% 1) fijny (22, Q%) —225LO (p, —pT™).

e dt
(3.11)
The sum involves all possible parton configurations. A transverse momentum cutoff p§**
ensures that the integration is restricted to a kinematic region where perturbative QCD
estimates can be applied. In order to calculate the cross section (3.11) the PDFs of the
pomeron f;p have to be specified.

Eq.(3.11) entails that the factorization property which is well-established in inclusive
processes should apply also to hard diffractive processes. However, this has not been
proven for any diffractive process. Moreover, effects have been discussed which may lead
to a violation of factorization in hadron diffraction [178,183]. Qualitatively they give
rise to an effect similar to a delta function term in the parton density of the pomeron
(“super-hard” pomeron structure). However, it might be expected that the factorization
assumption provides a reasonable approximation at very small |¢| [183].

= (Dlp\hl (87 M]%a t)o—%hz (MI2)a t) : (310)

O-th (M]%7t pcut
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t h,
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IP

K Figure 3.9: Hard interaction in single
M diffraction dissociation of hadron hs. The
D partonic 2 — 2 scattering process between
I parton ¢ of the pomeron and parton j of the
h, hadron is described in lowest order perturba-

tive QCD.

3.2.2 Parton Distributions in the Pomeron

Pomeron PDFs are obtained following an approach proposed by Capella et al. [112,163]
(CKMT-model) which relates the pomeron structure function Fi to the structure func-
tion of the deuteron F{. At moderate Q*values (Q*> < 5 GeV?) the deuteron structure
function is derived from Regge-arguments as

Fi(z, Q%) = A(Q)z~2@) (1 — z)™@)+ L B(Q¥)a'~»(1 — z)"(@) (3.12)
with
3 Q2 1+A(Q?) B Q2 ag
AQ*) =A <Q2 n a) , B(Q*) =B (m) , (3.13)
2Q? 3 Q2
A(Q*) = Ao (1 + m) @) =3 (1 o C) : (3.14)

The first term in Eq.(3.12) is associated with the pomeron contribution determining the
low-z behavior of sea-quark distribution functions. The second term is parameterized
according to secondary reggeon contributions governing the valence-quark distribution
function of the deuteron. Details on the parameters entering the expressions (3.12-3.14)
can be found in [112].

At small z-values, moderate photon virtualities and assuming Regge-factorization the
ratio of the total cross sections of pomeron—photon and deuteron—photon scattering can be
approximated by the ratio of the triple-pomeron to the deuteron—pomeron coupling con-
stants (Fig. 3.10). Hence the pomeron structure function is calculated from Fg applying
the following substitutions [163]

AQ") — (A, B@Q) —rn®)B@), n(@)—n(@)-2  (3.15)

where 7, and r, are coupling constant ratios. Here, r,(0) = 3r,(0) = 0.1 is used [163] to-
gether with an exponential t-dependence of the triple-pomeron coupling (Eq.(2.29)). The
latter substitution in (3.15) is motivated by dimensional counting rules since with respect
to “valence” quarks the pomeron is similar to a meson. Then the pomeron structure
function reads

FQP(xﬂQQat) = Zegx[fq\P($’Q2’t)+ftﬂﬂ’(xaQ2at)] (316)
= S(z,Q%t) + V(z, Q1) (3.17)
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d d IP IP
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IP IP Figure 3.10: Pomeron exchange diagrams
for the deuteron structure function (a)
and the pomeron structure function (b).
Y Y Y y Regge factorization relates the latter to the
@ (b) deuteron structure function by the ratio of
the couplings g3p and gqpp-
with
S(@ @) = r(t) AQ) z 2@ (1 - )" @2 (3.18)
V(z,Q%t) = r,(t) B(Q?) z'~or(1 — )™@)2 (3.19)

The sum in Eq.(3.16) includes all quark flavors and defines quark distribution functions
of the pomeron. Note that the pomeron, being an object with quantum numbers of the
vacuum, has charge parity C' = 1 and is isoscalar. The former property implies that
fap = fqp for any quark ¢ and the latter that f,p = fgp. Furthermore a SU(3)-
symmetric sea of light quarks is assumed. Hence for the quark-densities in the pomeron
one obtains

3 9 =
xfz\ﬂ:’(ma QQat) = ZS(xaQ2at) + 1_0V($a Q27t): 1= u, ﬂ, da d (320)

xfs|lp(xaQ2at) = xfE\P(xaQ2at) = %S(.I,QQ,t) : (321)

The contribution from charm-quarks to the pomeron structure function is suppressed at
the Q?-values considered so far.

Experimental observations favor a relatively hard gluon distribution for the pomeron
[164,176]. Due to the lack of detailed experimental information a rather simple ansatz of
the form z(1 — z) has been proposed in [173] and successfully applied in the following by
many authors (see for instance [164,176,182,184]). Therefore this behavior is also assumed
for the gluon density at small ? in the present study. It should be noted that, as recently
discussed in [186], data on diffractive structure functions seem to indicate an even harder
gluon density of the form (1 —z)~%® for z — 1. However, the qualitative features of hard
diffractive particle production which are subject to this investigation turn out to be less
sensitive to the exact shape of the ansatz for the hard gluon distribution®. Since there is
no momentum sum rule for the pomeron parton densities the normalization of the gluon
density cannot be determined in the same way as in the case of hadrons [178-180]. Here
the gluon distribution is assumed to scale with the same factor r4(¢) as the sea quark
contribution Eq.(3.18) [49].

!For example, in the work of Engel et al. [49] predictions on jet production in diffractive yp collisions
obtained with fyp ~ 2(1 — ) were presented. These calculations have been repeated with the gluon
density of Capella et al. [186] and results are given in the thesis of Engel [34]
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The distribution functions discussed so far approximate the parton content of the
pomeron at small Q2. In order to calculate PDFs at higher Q?-values a QCD evolution
in leading logarithmic approximation is performed by applying the code of Refs. [188,189]
with @2 = 2 GeVZ2. The input distribution at @3 and the resulting PDFs at higher Q-
values are shown in Figs. 3.11 and 3.12. Note that the hardness of the u- and d-quark
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Figure 3.11: Distributions of u-quarks (a) and s-quarks (b) in the pomeron at t = 0. The
initial distribution of the QCD evolution (Q? = 2 GeV?) is shown together with results for
higher Q?-values.
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distributions at small Q? is governed by V(z, Q?,t) which is parameterized according to
secondary reggeon contributions.

3.2.3 Particle Production

Hard diffractive particle production in the approximation of a single hard scattering has
been studied with the event generator PHOJET [49]. For each high-mass diffractive event
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a mass Mp and a momentum transfer ¢ are calculated according to the triple-pomeron
approximation Eq.(3.7). According to the cross section (3.10), a hard scattering is then
generated at a c.m. energy Mp using the pomeron PDF's discussed above and conven-
tional PDFs for hadrons and photons [190,103,191]. Initial state radiation is taken into
consideration since it may significantly modify the multiparticle final state of interactions
involving large transverse momenta. Furthermore in case of hard diffraction dissociation
of photons direct photon interactions are included. All possible color flow configurations
of the hard subprocess [101,192] are considered during string formation. Finally, the
strings hadronize according to the JETSET-model [106,107].

Hard diffractive proton—antiproton interactions

Experimental evidence for jet production in single diffractive pp collisions at /s =
630 GeV has been found by the UA8-Collaboration [164]. These data are not corrected
for detector acceptance effects and cannot be directly compared to results of the model.
On the other hand, they provide the most detailed experimental information on single
hard diffraction in hadron-hadron interactions being presently available. Therefore it
might be worthwhile to discuss predictions of the model which are obtained with the
same kinematic cuts as the data.

The distributions on jet production shown in the following refer to diffractively decay-
ing protons moving along the negative z-axis. They include only those diffractive events
which have 1 < [t| < 2 GeV?, a Feynman-z of the quasi-elastically scattered antiproton in
the range 0.9 < zr < 0.96 and a total transverse energy of the particles produced in the
pseudorapidity region |n| < 3 exceeding 22 GeV. The restrictions on zp ensure that the
Regge-limit s > M3 > |t| is satisfied although the momentum transfer |¢| is rather large.
Jets are identified using a cone algorithm in the 7 — ¢-plane similar to the one applied in
Sec. 2.7. Only jets with |7°*| < 2 and E'™ > 8 GeV (jet radius R = 1) are considered.

An observable being sensitive to the partonic structure of the pomeron is 2 [164]. Tt
is defined as the momentum component of a jet in the pomeron—proton c.m. system along
the pomeron-proton axis normalized to its maximum value, z7¢* = Qphet /Mp. Fig. 3.13a
shows the prediction of the model on the z’**-distribution, whereas the corresponding
measured distribution [164] is plotted in b). The data were obtained with essentially
full acceptance at positive x’®*-values [164]. Therefore the model results should be in
qualitative agreement with the uncorrected data in this region.

The distribution of a variable related to 2, the pseudorapidity 7’®* of the jet axis
in the pp c.m. system, is shown in Fig. 3.14. Again model results and UA8-data [164]
are plotted separately. The large-x behavior of the pomeron PDF's strongly influences the
tail at positive 7'®*-values. Assuming the acceptance corrections in the pomeron (forward)
hemisphere to be small the data seem to indicate harder parton distributions than used
in the model.

The longitudinal momentum of a 2-jet system along the pomeron—proton axis more
directly reflects the differences between the parton distributions in the pomeron and in the
proton. In particular, it should be sensitive to a super-hard contribution to the pomeron
structure function which can be expected, for instance, from the factorization-breaking
effects discussed in [183]. In analogy to 2'¢*, a variable x27° is defined as the longitudinal
momentum of a 2-jet system normalized to Mp /2, i.e. 227t = gi®tl 4 7¢2 Tn Fig. 3.15a the
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Figure 3.13: In a) the calculated distribution of jet momenta in single diffractive pp collisions
at \/s = 630 GeV is shown. The quantity zi° is defined as the ratio of the longitudinal jet
momentum and its maximum value in the pomeron—proton c.m. system. The diffractive mass
is restricted to the range 0.06s < M% < 0.08s. In b) uncorrected data of the UAS-Collab. [164]
are plotted.
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Figure 3.14: In a) the distribution of jet pseudorapidities in the pp c.m. system as calculated
within the model is shown. In b) the corresponding uncorrected data [164] are plotted. Both
distributions include events with diffractive masses in the range 0.06s < M3 < 0.08s.

distribution of z?7¢ as calculated with the model is shown. The contributions of gluons
and quarks in the pomeron to the z%¥®-distribution are given in addition. From the model
a significant fraction of events with 2%/ 2 0.7 is obtained. They arise mostly because
of the hard shape of the valence-quark distribution (see Fig. 3.11a). The corresponding
UAS8-data [164] are plotted in Fig. 3.15b. Both, the calculated and measured distributions

are very similar in shape. The contribution at z27¢® > 0.9 in the data is attributed to a
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Figure 3.15: Longitudinal momentum distribution of 2-jet systems in diffractive pp collisions
at v/s = 630 GeV. In a) the the model prediction is shown together with the contributions from
gluons and quarks in the pomeron. In b) the corresponding uncorrected UA8-data [164] are
given. Only events with 0.04s < M < 0.1s are considered.

super-hard pomeron structure [164]. In the calculated distribution which does not contain
a super-hard component no effect is seen.

In summary it can be concluded that, apart from a contribution of a possible super-
hard component in the pomeron structure, the model might be able to describe the
UA8-data. However, no definite conclusions can be drawn before corrected data become
available.

Hard diffractive photoproduction

First experimental information on rapidity gap events indicating features of hard diffrac-
tion has been obtained in yp collisions at HERA [165,176]. In the following only one
example is discussed which should illustrate that particle production in hard diffractive
photon—proton interactions is well described within the model. Further examples are
given in [49].

The presence of hard processes in single diffractive vp scattering is clearly visible in
the inclusive charged particle cross section at large transverse momenta. Model results
for diffractive photoproduction at HERA are shown in Fig. 3.16. Complete hadronic fi-
nal states of minimum bias electron—proton collisions have been generated (i.e. soft and
hard diffractive processes are included) taking the kinematic cuts of the experiment into
account. The cross sections refer to ep collisions. The flux of quasi-real photons is calcu-
lated according to the EPA (see Eq.(2.75)) applying the photoproduction selection criteria
0.25 < y < 0.7 and Q% < 0.01 GeV2. The distribution is averaged over the pseudora-
pidity range —1.5 < nrap, < 1.5. In addition uncorrected data of the H1-Collaboration
on charged tracks are shown [165]. In order to compare the shapes of the calculated
and measured distributions, the latter are scaled. The systematic difference between the
model results and the data at low transverse momenta (p; < 1 GeV/c) can be qualita-
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tively explained by the p,-dependent experimental acceptance in this region. The tail of
the calculated distribution at large p, which arises from hard diffraction is in reasonable
agreement with the data. In addition the contribution from direct photon processes is
shown. They account for the majority of the cross section at large p; .
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Chapter 4

Projectile and Target Associated
Particle Production

Many properties of particle cascades induced by high-energetic nuclei in matter depend on
the particular features of particle and fragment production in the fragmentation region of
the incident nucleus. These particles and fragments appear in the very forward direction
of the cascade and influence their characteristics, especially at large depths in the ma-
terial. Cosmic ray cascades in the atmosphere are only one example where an adequate
description of these projectile (or target) associated processes can be important.

An appropriate treatment of projectile and target associated particle production has
been implemented in the event generators DPMJET-11 [31,15,193] and DTuNUC 2.0. It is
expected to be valid in peripheral nucleus—nucleus collisions and, in asymmetric collisions,
in the fragmentation region of the heavier nucleus.

Projectile associated particle production® in peripheral nucleus-nucleus collisions is
commonly described as a two-step process [194]:

1. Particles produced in the interaction of the target with projectile nucleons may
propagate and reinteract in the part of the projectile nucleus which was not in-
volved in the primary interaction (spectator nucleus). These processes are called
intranuclear cascade. At the end of the intranuclear cascade the spectator nu-
cleus is often assumed to be left in an equilibrium state (in the following called
prefragment), in which the excitation energy is shared by a large number of nucle-
ons. The prefragment is characterized by its mass, charge and excitation energy
with no further memory of the steps which led to its formation.

2. The excited prefragment may disintegrate in a second step into nucleons and frag-
ments by evaporation and fragmentation processes. The disintegration of a
fragment stops if its nuclear excitation energy becomes lower than any separation
energy. This residual excitation energy is then dissipated through emission of pho-
tons (7 de-excitation). Throughout this chapter the stable fragment with the
highest mass number is called residual nucleus.

In the following sections models for intranuclear cascades, evaporation, fragmentation
of light prefragments, high-energy fission, and v de-excitation and their MC implementa-

1The description of target associated particle production is identical
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tions are discussed. In Sec. 4.1 the basic assumptions of the formation zone intranuclear
cascade model are summarized and an extension to nucleus—nucleus collisions is presented.
Based on this treatment of intranuclear cascade processes the excitation energies of pre-
fragments are calculated in Sec. 4.2. In order to describe the further disintegration and
de-excitation of these prefragments existing MC models for evaporation, fragmentation
and vy de-excitation are applied. The basic ideas underlying these models are summarized
in Sec. 4.3. In a detailed comparison in Sec. 4.4 of model results and data on hadron—
nucleus and nucleus—nucleus collisions it is demonstrated that combining these models a
reasonable description of most of the experimental results on projectile and target asso-
ciated particle production can be obtained. Finally in Sec. 4.5 applications to cosmic ray
cascades in the atmosphere are discussed.
All results presented in this chapter are published in [56-58].

4.1 Intranuclear Cascade

4.1.1 Basic Assumptions

The model for intranuclear cascade processes discussed in this chapter is based on the
following assumptions:

e A nucleus is treated as a cold Fermi-gas of nucleons moving in a potential well.

e Hadrons propagate in the nuclear medium between subsequent interactions like free
particles on straight trajectories.

e Primary and secondary hadrons may interact with nucleons in elastic and inelastic
scattering processes according to the local nuclear density and vacuum cross sections.
The interactions occur incoherently and uncorrelated.

e Only scattering processes of stable hadrons with nucleons are considered.
e The nucleons obey Pauli’s principle.

In general, interactions of resonances with nucleons would have to be considered. How-
ever, the corresponding cross sections are less well-known. Therefore the resonances are
assumed to decay at the spatial position of their production and only the decay products
are taken into account for further cascade processes. The effects of this approximation are
compensated for by the choice of the formation time parameter (see following section).

4.1.2 The Formation Zone Intranuclear Cascade Model

The application of an intranuclear cascade model based only on the previously given
assumptions to high-energy nuclear collisions would result in an overestimation of mea-
sured particle multiplicities in the fragmentation region of the corresponding nucleus. For
instance, in experiments using nuclear target emulsions it has been observed that multi-
plicities of slow particles saturate at laboratory energies of about 10-30 GeV and remain
roughly constant as the energy increases further (see [195] and references therein). A
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physical mechanism describing the suppression of the intranuclear cascade at high ener-
gies is the “formation zone” concept. It has been introduced by Stodolsky [196] in analogy
to the Landau-Pomeranchuk effect.

The Landau—Pomeranchuk effect [197,198] explains the observation that the energy
loss due to bremsstrahlung suffered by an electron undergoing multiple scattering in a
material is damped at high energies, i.e. the electron becomes more penetrating. The
energy radiated by the electron along its path can be written as

d*1 3 i(k-Z—wt) 2

— ~ || d’zdt j(Z,t)e" " 4.1
T~ | dadti@ , (1)
with j being the current density of the electron and k = (w, /_5) the photon 4-momentum.
As long as interference effects from different collisions are small, the radiation emitted
along the path of the electron can be estimated by the average radiation emitted in
one collision multiplied by the number of collisions. This is possible if the exponent
in Eq.(4.1) varies sufficiently which causes random relative phase factors in subsequent
collisions. Assuming the path to be a series of straight segments and j ~ (m/E)d(Z — t)

the integral becomes
d’I —it/ 2
% ~ dte

path

(4.2)

The quantity
1 E E 1
w—Fk-5 k-p muwe

T = (4.3)
is called “formation zone” or “formation time” [196]. Here, p, F, and m are the 4-
momentum, energy and mass of the electron, resp. w, denotes the frequency of the
photon in the rest frame of the electron. 7 represents a minimum characteristic time or
distance necessary to define the photon.

The translation of the formation zone concept to hadron—nucleus collisions has been
discussed in detail in [196,54-56]. Here its application to nucleus—nucleus collisions is
introduced [57].

Within the quark model the states being formed in the primary nucleon—nucleon in-
teraction can be understood as being built up of valence quarks only, i.e. without the full
system of sea quarks, antiquarks and gluons. They therefore interact inside the spectator
parts of the colliding nuclei with reduced probabilities [199]. This is approximated by as-
signing formation times to the produced hadrons, i.e. within its formation time a hadron
is not able to reinteract with nucleons of the spectators. In the following the 4-momenta
of the projectile hadron p, and the secondary hadron ps in the rest frame of the considered
nucleus are denoted by

po=(Ep,0,0,\/E2—m2) ,  po= (Es,ﬁsb VEZ—m2 - ﬁsi) : (44)

Replacing the electron 4-momentum in Eq.(4.3) by p, and the photon 4-momentum by
ps the formation zone 7 of the secondary hadron reads for E, > m, [196]

2F E; (4 5)
T = y r= —=. .
(mpxz)? +m2 + st E,
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For the majority of secondaries the term (m,z)? is small and can be neglected. In the

rest frame of the secondary hadron an average time 7g for the formation of a complete
hadronic state is defined as [54,199]

2
TR %Ts, Ts = 7_072ms — . (4.6)
ms mg + Ps|
To is a model parameter which has to be determined by comparing particle produc-
tion within the model to experimental data. Typical values are of the order of 1—
10 fm/c [55,31]. In the following a value of 7y = 4.5 fm/c is used [58]. It differs slightly
from the values reported in [56,57] due to an updated treatment of nuclear evaporation
as compared to the version of the code used in [56,57]. For each secondary hadron a
formation time in its rest frame is sampled from an exponential distribution [200] with
the average value 7.

In the model the full space-time history of the collision is known. In any particular
Lorentz frame the trajectories of the secondaries formed in the hadronization of the strings
can be traced in space and time. After having assigned a formation time to a secondary
hadron an intranuclear cascade step is considered first in the rest frame of one of the
spectator nuclei (chosen at random). Due to relativistic time dilatation secondaries with
high energies are mostly formed outside of the spectator part of this nucleus whereas
those with low energies are formed inside. The latter may propagate in the spectator
nucleus and initiate intranuclear cascade processes. The treatment of elastic and inelastic
interactions with spectator nucleons is based on measured cross sections and interaction
channels as they are implemented in the MC model HADRIN [201] for energies below
Ei., = 5 GeV. Here, HADRIN is applied to hadron—nucleon interactions up to 9 GeV
and those at higher energies are neglected. Reinteractions at energies above 5 GeV occur
much less frequently than reinteractions below 5 GeV and a more detailed treatment
would not change the results discussed in this chapter [57]. Furthermore the annihilation
of antiprotons and the absorption of low-energy mesons by interactions with two nucleons
is taken into account. For pion absorption the cross section parametrization given in [202]
is used. If the secondary hadron did not reinteract, in a second attempt a cascade step
in the rest frame of the other spectator nucleus is considered. Likewise, this formalism is
also applied to all particles produced in intranuclear cascade processes.

Note that the proposed scheme is not Lorentz invariant. The dependence of the results
on the choice of the particular Lorentz frame however is assumed to be small. A generally
possible but technically cumbersome Lorentz invariant formulation of the intranuclear
cascade is therefore avoided within the present approach [57].

4.2 Calculation of Nuclear Excitation Energies

It is assumed that nucleons of a nucleus with mass number A and charge Z move in a flat
effective nuclear potential V; (i=proton,neutron) defined by a Fermi-energy and a binding
energy contribution [56,57]

. _ AL i
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with

372N, ] 3
sz(A’ Z) = aglod l P ‘| )
A
E]l))lnd(A’ Z) — Ebind , ) — Ebind(A — 1, Z - 1), (48)

(4,7
ESind(A’ Z) — Ebind(A7 Z) — Ebind(A — 1,Z)a

and N, = Z, N, = A— Z. &, approximates the volume of the nucleus using a nuclear
radius Ry = roA'3, 7y = 1.29 fm. The total nuclear binding energy is denoted by Fhpind.
Deviations of this approximation from the actual nuclear potential which arise by, for
instance, neglecting nuclear skin effects are taken into account by the factor ol 4. This
factor influences indirectly black particle production. It is adjusted by comparing the
results of the model with data (see Sec. 4.4.1) and is fixed at 0.65. The Coulomb-barrier
acting on charged particles is given by

e? Z
471'607"0 (1 + Al/?’)

Vo(A, Z) = (4.9)

where e is the elementary charge.

Due to the primary nucleon—nucleon interactions according to the Glauber—Gribov
formalism and due to intranuclear cascade processes the colliding nuclei lose a part of
their nucleons. These nucleons and those secondary hadrons which were formed inside
one of the nuclei eventually leave the corresponding effective nuclear potential and lose
a fraction of their energy. Within the assumed simplified approach the precise nuclear
potential of a spectator nucleus during or after the primary or secondary interactions
cannot be predicted. For baryons? the potential is approximated by Eqs.(4.7) and (4.8)
at a mass number A, and charge Z,. of the corresponding prefragment. To account
for the deformation of the prefragments a modification factor &t 4, = of 4+ 0.1 is used
instead of of 4 in Eq.(4.8). In case of mesons a flat effective potential of 0.002 GeV is
applied.

If a hadron leaves the nuclear potential of a prefragment, a recoil momentum is trans-
ferred to this prefragment. Adding up the recoil 4-momenta of all these hadrons separately
for the projectile and target spectators (E,q, Pre) one obtains the 4-momenta of the pre-
fragments (in the rest frame of the corresponding nucleus)

Vy

(Epreaﬁpre) = (MAa 6) - Z(EzFap':F) + (Erclaﬁrcl) . (410)

i=1

where v, is the number of wounded nucleons in the corresponding nucleus and M, is its
mass. Indices referring the quantities to projectile and target are omitted for simplicity.

The excitation energy U of a prefragment is defined as the energy above the ground
state mass M,

U = Mpre — Mo(Apre, Zpre) (4.11)

2The fraction of baryons other than nucleons which are created inside of one of the nuclei is small.
They are assumed to move in a nucleon potential
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with

— /2 _ 72
Mpre - Epre ppre’

MO(Apre) Zpre) = Zpremp + (Apre - Zpre)mn - Ebind(Aprea Zpre) . (4-12)

The binding energy Ey;,q is either taken to be the experimentally determined excess mass
or is obtained from mass formulas for nuclides far from the stable region.

To outline the qualitative features of the model hadron—nucleus collisions are consid-
ered first. Average excitation energies per nucleon of the target prefragments are shown
in Fig. 4.1 as a function of the proton momentum for various target nuclei. Up to a mo-
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mentum of about 50 GeV/c the excitation energy per nucleon increases which is mainly
due to a rising number of interactions of the projectile proton with nucleons [56]. This
behavior will be discussed in more detail in a later section with respect to experimental
information on target associated particle production. At higher energies, the average ex-
citation energy per nucleon becomes approximately energy-independent as it is expected
from limiting fragmentation [203]. The decrease of (U/Ap) with target mass at a fixed
projectile momentum can be understood from the smaller fraction of wounded nucleons
to all target nucleons for heavy nuclei as compared to light nuclei.

Within the model the average excitation energy of a prefragment is correlated to the
number of nucleons involved in the interaction. The more nucleons are removed from
the nucleus, the higher the excitation of the spectator part becomes. In Fig. 4.2 average
excitation energies of target prefragments from interactions of protons with nuclei of mass
number A at 300 GeV/c are shown. In the plot different symbols correspond to different
numbers of nucleons A A lost by the target. At fixed AA the excitation energy rises with
the target mass number, since in heavy targets more cascade interactions are needed to
remove a certain number of nucleons than in light targets.

In Fig. 4.3 distributions of excitation energies per nucleon of the target prefragment
are shown as an example for proton-gold interactions at 300 GeV/c. Together with the
distribution referring to all prefragment masses (labelled “all Ape”), two further distribu-
tions are given which correspond to different mass ranges. Again, the more nucleons are
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involved in the primary interaction and the intranuclear cascade the higher is the mean
excitation energy and the broader is the excitation energy distribution.

Finally in Table 4.1 average excitation energies and excitation energies per nucleon of
target prefragments are given for interactions of oxygen and aluminum with gold nuclei
at different energies. In asymmetric nucleus—nucleus interactions the excitation energies
per nucleon of the prefragments of the heavier nucleus are increasing slowly with beam
energy and, at a fixed energy, with the mass number of the projectile.

4.3 Nuclear Disintegration of Spectator Prefragments

4.3.1 Evaporation and High-Energy Fission

In the model the evaporation process starts from a prefragment of mass Ay, charge Ze,
and excitation energy U which is assumed to be in an equilibrium state. The emission
of a particle of type j is possible if the excitation energy exceeds a minimum energy @);
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O-Au Al-Au
U U
| O |G | @ |
(A GeV/e) || (MeV) | (MeV) || (MeV) | (MeV)
30 554.0 9.5 537.0 6.0
50 567.0 5.6 546.0 6.2 Table 4.1: Average excitation ener-
gies and excitation energies per nu-
100 567.0 5.7 573.0 6.7 cleon of target prefragments produced
500 603.0 64 606.0 71 in oxygen— and a]uminumfgold inter-
actions before evaporation. The exci-
1000 619.0 6.6 621.0 7.3 tation energies are given for different
2000 653.0 6.7 652.0 77 momenta per nucleon of the projectile
: : : : nucleus.

necessary for this process. Its probability can be derived applying the balance principle
Pi=Dp = p(f—>i)pf, (4.13)

which relates the probabilities P for the transition from system 7 to system f and vice
versa to the density of states p in the two systems. The probability P;(Exin) for the
emission of a particle j, with kinetic energy Fii,, mass m; and spin S; is given by

25; + 1)m,; U
Pj(Ekin) dEkin = ( ! 7T2 ) ] pprUf)) Uinv(Ekin) EkindEkin . (414)

Here, p;, U; = U and py, Uy = U — Eyin — Q; are the nuclear level densities and excitation
energies of the prefragment before and after the evaporation step. oj,, denotes the cross
section of the inverse process, i.e. for the capture of particle j.

Within a MC treatment of the evaporation process, Eq.(4.14) has to be implemented
together with suitable expressions for the nuclear level density and the inverse cross sec-
tions. Many formulations have been suggested for both. In [204] an excitation energy
dependence of the level density of the form p(U) = Cexp (2v/aU) with a = A/8 and an
analytically integrable parametrization for oy,, are proposed which lead to an emission
probability

(2S; + 1)m; 2V aU—Ekin—Q;)

Pj(Exin) dEyin = - AVl

Oiny (Fxin) FxindFExin - (4.15)

We adopt this formulation, however, with a different choice of the level density parameter
a as will be discussed further below. Then the total width for neutron emission, for
instance, is obtained by integrating Eq.(4.14) between zero and the maximum possible
neutron energy (U — Q)

(28, + 1)my,

r —/(U_Q")P(E ) dBin =
n — 0 n kin kin — 7T2,0(U)

(U-Qr)
/0 P(U—Ekin—Qn) Uinv(Ekin) EyindEyin .
(4.16)
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The same applies to charged particles where the integration is performed between an
energy given by the effective Coulomb barrier (defined by oy, — 0) and the maximum
energy. In the MC realization the evaporation of nucleons, deuterium, *H, 3He, and of
a-particles is included.

In addition to the evaporation process fission is also considered [205]. A fraction of
the excitation energy might be spent to induce a collective deformation. As the shape of
the prefragment deviates from sphericity the surface energy increases but the Coulomb
energy decreases. The deformation state of maximum potential energy is called “saddle
point”. The fission barrier By is defined as the difference between the potential energy at
the saddle point and the ground state energy. In order to calculate the fission probability
a statistical method can be used [206,207] resulting in a total fission width

1
" 2mp(U)

Here, pr(U) =~ C exp (2v/arU) is the level density of the prefragment at the saddle point
which is different from that of the nucleus in its ground state because of deformation.
The quantities entering Eq.(4.17) (except ar) are calculated according to the prescriptions
given in [208]. The masses of the two fragments obey Z,.- and U-dependent distribu-
tions [209]. After the fission process both fragments are treated independently, possibly
being able to emit further particles themselves.

Finally for the nuclear level densities p and pr the following assumptions are made:
The “odd—even effect” is taken into account by calculating both quantities at U — A
instead of U, with A being the pairing energy (“back-shifted” level density). Moreover
due to shell and deformation effects the level density parameters a and ar depend on
the mass, charge and excitation energy of the evaporating nucleus. Here the A..- and
Zpre-dependence as suggested in [210] together with the U-dependence of [211,212] are
applied

(U-Bp)
/O pp(U = B — Br) dEyn . (4.17)

a = Apre (af(U) +al = f(U)]) (4.18)
with
a = ag+9.17x 107 - (Sz(Zpre) + Sx(Apre — Zpre)) 5
@ = 0.154—6.3x107° - Ay, (4.19)
1 —exp[—0.054 - (U — A)]
1) 0.054 - (U — A)

where, according to [210], ap = 0.142 MeV ! for undeformed nuclei and ay = 0.12 MeV !
for deformed nuclei. Sy and Sy are shell correction terms for protons and neutrons. The
unit of energy used throughout Eqs.(4.18) and (4.19) is MeV. As already mentioned the
level density at the saddle point pr is different from that of the nucleus in its ground
state. From comparison to experimental data, it turned out that ar is bigger than a by
about 10% at low excitation energies (ar &~ 1.08a) and becomes about equal to a at high
excitation energies.

4.3.2 The Fermi Break-up Model

For light prefragments the statistical assumptions and the sequential emission scheme
underlying classical evaporation models may become invalid:
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e A moderate excitation energy can already represent a substantial fraction of the
(total) binding energy.

e The level structure is usually highly nucleus-specific and level spacings can be of
the order of the excitation energy.

e The “evaporation” of light fragments other than protons or neutrons becomes mean-
ingless since the mass of the “emitted” fragment can be comparable to the mass of
the prefragment.

Other mechanisms describing the break-up of these light prefragments might therefore be
more appropriate. In the present calculations, the so called Fermi Break-up model [213,214]
is applied if Ay < 17. In this model it is assumed that the excited prefragment disas-
sembles in one step into two or more fragments. The probability for the break-up of a
prefragment of mass M. (Eq.(4.12)) into n fragments (n > 2) can be written as

pre ;=1

where the spin factor g and the permutation factor G are given by (n; is the number of
identical particles of the jth kind)

n

g=[[@si+1), G = f[ n;! (4.21)

=1

and Ey, is the total kinetic energy of all fragments at the moment of break-up. Vi, is
a volume of the order of the prefragment volume. All combinations formed by up to
six fragments are considered. All stable nuclei with A < 16 and a few known unstable
isotopes, like ®Be, have been included. The latter are allowed to decay according to
the experimentally measured branching ratios. Once a final state configuration has been
selected the kinematic quantities of each fragment are chosen according to n-body phase
space distributions taking Coulomb repulsion of all charged particles into account [209].

4.3.3 De-excitation by Photon Emission

Evaporation processes become energetically impossible when the nuclear excitation energy
of a prefragment with mass number A is lower than any energy necessary for nucleon or
fragment emission. The residual excitation energy is then dissipated through the emission
of photons. In general photon emission occurs even during the evaporation stage but with
a probability which is low in comparison to particle emission. This is therefore neglected
in the model.

v de-excitation proceeds through consecutive photon emissions until the ground state
of an isotope corresponding to the mass and charge of the prefragment is reached. It is
assumed to be a statistical process as long as the excitation energy is high enough to allow
the definition of a continuous nuclear level density. Below a certain threshold transitions
between discrete levels determine the de-excitation process. This threshold is chosen to
be equal to the pairing energy for even—even or even—odd prefragments or to be the first
known (or approximated) excited level for odd-odd prefragments.
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The statistical formulation of the photon emission probability is similar to the one for
evaporation and fission (Eq.(4.14)) [215,216]:

_r0y)
P(E,) dE, = A zLj f(E,, L) dE, (4.22)

where P(E,) is the probability for the emission of a photon with energy E, and L is
the multipolarity of the v-transition. Again p denotes the nuclear level density. The
functions f(E,, L) can be either derived from photoabsorption cross sections or calcu-
lated from single-particle estimates of transition strengths. The former approach is more
sophisticated but requires the knowledge of the resonance parameters for all isotopes.
The latter approach however is sufficient for a first order estimate of the spectral photon
distribution and is therefore adopted in the present formulation of the model:

f(Ey, L) = ¢ - Fr(A) - EPPHY (4.23)

For the coefficients ¢y, the single particle estimates given in [217] are used. The factors
Fp,(A) are included to partially account for effects which cause deviations from the single
particle estimates. They represent A-dependent averages of the hindrance and enhance-
ment factors given in [218]. Only E1, M1 and E2 transitions are considered. For the level
density p the same expression as within the evaporation treatment (Sec. 4.3.1) is used:

p(U) x exp(24/a(U — A)). Expanding in Eq.(4.22) the ratio of nuclear level densities
p(U—E,)/p(U) at E, = 0 one obtains p(U — E,)/p(U) ~ exp(—FE,/T). The quantity T
is called nuclear temperature. The expansion is equivalent to the assumption of a constant
nuclear temperature at low excitation energies (U — A = aT?) which is often used in the
analysis of photon emission following neutron capture [215,219]. Thus the probability for
a 7y-transition of multipolarity L reads

P(L,E,) dE, = Cp, E?" Ve #2/T dE, . (4.24)

Since competition between photon and particle emission is neglected only ratios of coef-
ficients Cy, are of interest

M1 _2Fani(A)
ML _ 31473 ,
CE‘I FEI(A)
Cra 7 2 Fpo(A) 9
_ = 7.2-10"As MeV ™= 4.25
Cri Fgi(A) (4.25)

Within the MC realization of the de-excitation process, for each photon emission (i) the
character (electric or magnetic) and the multipole order of the emitted photon is sampled
from integrated emission probabilities, and (ii) the emission energy is sampled according
to the selected multipolarity. After emission all parameters are updated on the basis of the
new excitation energy, and another statistical emission is performed until the excitation
energy is lower than the above mentioned threshold value. In order to sample the discrete
transitions the experimentally determined values of the first and second excited levels
have been tabulated in the code for many isotopes. For other isotopes a rotational-like
structure is assumed.

All photons are emitted isotropically since from the evaporation stage no information
on the prefragment spin and polarization is available.
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4.4 Comparison to Experimental Data

As discussed in Sec. 4.1.2 nucleons might be knocked out of a spectator nucleus by in-
tranuclear cascade processes if their energies are sufficiently high to allow the escape from
the nuclear potential. In the rest frame of the nucleus considered these nucleons appear
as final state particles with energies of the order of 20-400 MeV. By contrast most of
the nucleons and light fragments evaporated from the excited prefragment possess less
energy. This fact allows to study both mechanisms of low-energy (“slow”) particle pro-
duction rather independently. In the model the cascade particles contribute of course to
the excitation of the prefragment and, therefore, indirectly to the total multiplicity of
evaporation products.

All models on slow particle production discussed in the previous sections have been
implemented into the event generators DPMJET-II and DTUNUC 2.0. In this section
results obtained with DTUNUC 2.0 are compared to data from target associated particle
production in hadron—nucleus and nucleus—nucleus collisions.

At present most of the experimental information on slow particle production comes
from experiments using nuclear emulsions as targets. Nuclear emulsions consist of a
component of light nuclei (hydrogen, carbon, nitrogen and oxygen) and a component of
heavy nuclei (silver and bromine). Their quantitative composition is usually about 28.6%
light and 71.4% heavy nuclei. The appearance of slow charged hadrons and nuclear
fragments in the emulsions has led to their subdivision into “grey” and “black” particles.
Grey and black particles roughly coincide in energy with the above mentioned cascade
and evaporation particles and are sometimes grouped together as “heavy” particles. All
charged hadrons with higher energies are frequently called “shower” particles. The exact
definitions for the different classes of particles vary slightly between different experiments.
For instance a common way to distinguish between heavy and shower particles is to apply
a cut in the Lorentz-( variable at a value of 0.7. A considerable disadvantage of emulsion
experiments arises from the fact that neither final state particle nor target identification
is unambiguously possible for a certain event.

4.4.1 Hadron—Nucleus Interactions
Slow particle multiplicities and correlations

In Fig. 4.4 average multiplicities of shower, grey and heavy particles in proton—emulsion
interactions as obtained with DTUNUC 2.0 are compared to data at different momenta, of
the projectile proton. In the calculations heavy particles are defined as charged hadrons
and fragments with 8 < 0.7 and grey particles are charged hadrons with 0.23 < § < 0.7.
Whereas the average number of shower particles is increasing with rising proton momen-
tum throughout the whole momentum range the grey and heavy particle multiplicities
increase only up to about 40 GeV/c and then remain at an almost constant value for
higher momenta. Within the model this constant behavior is due to (i) limiting frag-
mentation in each hadron-nucleon interaction [203] together with a constant formation
zone intranuclear cascade and (ii) inelastic hadron-nucleus cross sections which depend
only weakly on the projectile energy. The energy range of the transition between rising
and almost constant heavy particle multiplicities is governed by the nuclear geometry and
the nuclear potential which both are treated very roughly and by kinematical limitations
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biasing the Glauber-cascade. For instance, further shifts in energy or modifications of
the shape of this transition region can be obtained by modifying the momentum fraction
distributions of the sea-partons. The experimental data shown in Fig. 4.4 are taken from
a compilation by Fredriksson et al. [195], i.e. they are from different experiments using
different definitions for “grey” and “heavy”. This may partly account for the fluctuations
within the data for grey and heavy particle multiplicities. The agreement between data
and model results is satisfactorily for shower particle multiplicities at all considered en-
ergies and for slow particle multiplicities at momenta above about 20 GeV/c. At lower
momenta the calculated values for (N,) and (Ny) depart from the data which may indi-
cate that the model does not describe the low-momentum region appropriately. However
the fluctuations within the data at low energies are considerable and cannot be com-
pletely explained by differences within the definitions of “grey” and “heavy”. Based on
this comparison it is therefore difficult to decide if the models in their present realizations
provide an adequate description of slow particle production at low energies and which
modifications could be necessary to reproduce the observed transition behavior.

More information in this respect can be expected if the interactions with the light and
heavy emulsion components are studied separately. Experimentally, events are assigned
to one of the two target classes by applying certain cuts to observables characterizing the
final state, such as the heavy particle multiplicity. However, these additional assump-
tions induce further uncertainties. For instance, peripheral collisions with heavy target
nuclei may have final states which are similar to those of collisions with nuclei of the
light component so that the former might be misidentified as interactions with light nu-
clei. Results on average shower, grey and heavy particle multiplicities are shown together
with data [195] for interactions with light targets in Fig. 4.5 and for interactions with the
heavy component in Fig. 4.6. For some momenta several multiplicity values obtained in
different experiments are given in order to illustrate the uncertainties within the experi-
mental data. As it is clearly shown in Fig. 4.5, in collisions with light nuclei the proton
interacts with only up to three target nucleons throughout the whole momentum range.
Hence the typical “breakdown” of the Glauber-cascade as seen in interactions with heavy
nuclei at low energies, which also manifests itself in decreasing slow particle multiplicities
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is much less pronounced. In agreement with the measurements the calculated slow par-
ticle multiplicities are constant within the plotted momentum range. The heavy particle
multiplicities in Fig. 4.5 are overestimated by the models which might be explained by the
absence of nuclear skin effects in the treatment of the nuclear potential. This approxima-
tion causes an underestimation of low excitation energies and therefore an overestimation
of the average number of black particles among the heavy particles. Good agreement of
calculations and data is obtained for the shower and grey particle multiplicities and for
the heavy particle multiplicities from p—Ag/Br collisions down to about 20 GeV/c.

A detailed experimental study of slow particle production in interactions of protons,
pions and kaons with different target nuclei at 50, 100 and 150 GeV can be found in [220].
The comparison with calculated grey particle multiplicities given in Table 4.2 demon-
strates that the discussed models are able to describe the experimentally observed average
multiplicities and their increase with the target mass number. Here the energy range of
grey particles is restricted to 0.3 < 5 < 0.7.

In contrast to average quantities, grey and black particle multiplicity distributions
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E1,5=50 GeV E1,,=100 GeV E1,,=150 GeV

Dtunuc Exp. Drunuc Exp. DTtunuc Exp.
p—C 0.74 0.91+0.05 0.73 0.82+0.04 0.77 0.89+0.04
p—Cu 2.2 2.231+0.11 2.2 2.26+0.11 2.3 2.27+0.11
p—Pb 4.6 4.04+£0.2 4.5 3.75+0.19
7t—C 0.69 0.85+0.04 0.69 0.81+0.04 0.64 0.84+0.04
7T—Cu 1.96 1.9940.1 1.98 2.04+0.1 1.97 1.9940.1
7t-Pb 4.0 3.424+0.17 3.9 2.89+0.14 3.9 3.31+0.17
K*+-C 0.65 0.81£0.04 0.67 0.80£0.04
K*-Cu 1.82 1.9240.1 1.76 1.9340.1
K*-Pb 3.62 3.43+0.17 3.77 3.23£0.16

Table 4.2: Calculated average grey particle multiplicities for interactions of protons, pions and

kaons with nuclei at different energies are compared to data [220)].

may provide a more severe check of the models. They are shown in Fig. 4.7 for proton—
emulsion interactions at 200 GeV. Again, a good description of the data [221] is obtained.
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Figure 4.7: Grey (a) and black (b) particle multiplicity distributions for interactions of protons
with emulsion nuclei at Er,, = 200 GeV. Model results are shown together with data [221].

The hump in the calculated black particle distribution (b) at N, & 4 is caused by protons
and fragments evaporated from prefragments of the light emulsion component. It is less
pronounced in the measured distribution.

So far only multiplicities of all slow charged particles were considered. A deeper
insight into the intranuclear interaction mechanisms might be gained if protons, which
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constitute the majority of grey particles, and slow charged pions are studied separately.
As mentioned at the beginning emulsion experiments do not allow such investigations.
The only experimental results available in this respect were obtained by the WAS80-
Collaboration which studied the production of slow protons in 200 GeV proton— and
pion—nucleus interactions [222]. As an example, in Fig. 4.8 multiplicity distributions of
slow protons and singly charged fragments are shown for pion-induced interactions. Cor-
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Figure 4.8: Calculated multiplicity distributions of slow protons and singly charged fragments
from pion—nucleus interactions at 200 GeV are compared to results of the WA80-Collab. [222].

responding to the experimental conditions the kinematic range considered is restricted to
30 < Eyin <400 MeV and —1.7 < n < 1.3. The agreement between calculations and data
is satisfactorily.

The reasonable description of slow particle multiplicity distributions implies that it
should be equally well possible to reproduce measured correlations between grey, black
and shower particle multiplicities. This is shown in Figs. 4.9 and 4.10 in comparison
with data on proton—emulsion interactions at 200 GeV [223]. A good agreement between
calculated and measured correlations is obtained.

The production of residual nuclei

Studying the mass yield of fragments produced in interactions of a high-energy hadrons
with a heavy target nuclei (A & 200) three fragment mass regions are commonly dis-
tinguished and assigned to certain interaction or fragmentation mechanisms [194] (A;
denotes the fragment mass):

1. Ay 2 2/3A: One heavy fragment is formed which has a mass close to the target
mass (spallation region).

2. 50 S Ay < 2/3A: This region is mainly populated by fragments produced in fis-
ston and so-called deep spallation processes. Fission processes result in two heavy
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Figure 4.9: Correlations between shower (Ny), grey (Ng) and black (Ny) particle multiplicities.
Model predictions are compared to data from proton—emulsion interactions at 200 GeV [223].
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S

fragments with Ay ~ A/2 whereas deep spallation might be understood as a con-
tinuation of spallation towards lower fragment masses.

3. Ay < 50: During the interaction many fragments with relatively low masses are
produced (multifragmentation region).

For smaller targets spallation and multifragmentation dominate the mass yield.
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In an interaction with a high-energy hadron a heavy target nucleus loses a part of
its nucleons due to the interactions of the hadron inside the nucleus and the subsequent
intranuclear cascade. In the present description of prefragment disintegration the excited
prefragment may then either (i) dissipate its excitation energy by evaporating nucleons
and light fragments leaving a residual nucleus in the spallation or deep spallation regions
1 and 2 (depending on the impact parameter of the collision) or (ii) undergo fission and
subsequent evaporation processes contributing two fragments to region 2. Taking into
account that a model for multifragmentation (which mainly describes fragment produc-
tion in region 3 but also modifies the yields in the other two regions) is not implemented
in DTUNUC one may expect that the measured cross sections in region 1 and 2 are re-
produced within a factor of two whereas no prediction can be made for region 3. This
is shown in Fig. 4.11 for proton—gold interactions at 800 GeV. In order to indicate the
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influence of high-energy fission on the predicted cross sections the mass yield calculated
without sampling fission processes is plotted in addition. The cross sections for the pro-
duction of fragments with masses in the range A — 5 < Ay < A are not reproduced in
the model. Probable reasons are the neglect of quasi-elastic hadron—nucleus scattering
and of nuclear skin effects within the nuclear potential. The latter leads to an underes-
timation of prefragments with very low excitation energies. In Fig. 4.12 cross sections
for the production of fragments with charge Z; in proton-gold collisions at 10.6 GeV are
compared to data [225,226]. In agreement with the observation that the cross sections for
fragment production remain constant above about 10 GeV projectile energy [194,227] the
shapes of the measured yields in Figs. 4.11 and 4.12 are similar. In contrast the shape of
the calculated yield at 10.6 GeV differs significantly from the one at 800 GeV which may
suggest that the transition to energy-independent slow particle production is predicted
to be at too high energies (20-30 GeV, c.f. Sec. 4.4.1). However, the description of all
aspects of fragmentation (in particular also of multifragmentation) would be needed in
order to draw definite conclusions.

Finally, in Fig. 4.13 average recoil momenta of residual nuclei (p.es) are shown as a
function of the mass difference to the target nucleus AA = 197 — A, together with
data from proton—gold interactions at 800 GeV [224]. The behavior is qualitatively well
described using the models.
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4.4.2 Nucleus—Nucleus Interactions

As initially mentioned the models for slow particle production discussed in this chapter
are expected to work reliably only in peripheral collisions. In such a collision the specta-
tors of the interacting nuclei can be considered as deformed, highly excited nuclei which
subsequently lose their excitation energies by the above described mechanisms. In con-
trast in a central nucleus—nucleus collision between a light and a heavy nucleus there is
probably no spectator from the former. Furthermore it is likely that the spectator of the
heavy nucleus decays first into smaller droplets before the nuclear evaporation and the
de-excitation start. Hence the treatments of nuclear evaporation and the formation of a
stable residual nucleus become incorrect in central collisions. In spite of these problems
the models are applied in minimum bias situations to all interactions, since the fraction
of central collisions where they might fail is rather small.

Target associated particle production in high-energy nucleus—nucleus interactions has
been experimentally investigated only by a few collaborations. Again the most detailed
results were obtained with emulsion targets. In Table 4.3 average multiplicities of grey
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ELa (Ng) (Ny)
(GeV /nucleon) | DTUuNUC Exp. DTuNuC Exp.
O-Emul. 14.6 6.1 9.240.2 4.7 4.84+0.2
60 4.3 5.7£0.4 4.4 4.5£0.2
200 4.2 4.3£0.3 4.3 4.14+0.2
Si—-Emul. 14.6 7.4 5.440.3 4.6 4.6+0.2
S—Emul. 200 4.4 4.7+0.3 4.2 3.940.2
Au-Emul. 11.6 0.7 |58+0.19[228] | 3.6 |3.52+0.12 [228]

Table 4.3: Average multiplicities of grey (N,) and black (Np) particles in interactions of nu-
clei with emulsions. If not explicitly indicated in the table the experimental values are taken
from [229)].

and black particles in interactions with oxygen, silicon, sulfur and gold projectiles at dif-
ferent beam energies are given. The values calculated with DTuNUC 2.0 are compared
to data of the EMUO1-Collab. [228,229]. According to the experiment the following def-
initions are applied: grey particles are protons, pions and kaons with kinetic energies
between 26 and 375 MeV, 12 and 56 MeV, and 20 and 198 MeV, resp. Black particles
are charged hadrons and fragments with lower energies. In the model results slow protons
for example contribute about 79% and slow charged pions about 19% to the calculated
grey particle multiplicity in sulfur—emulsion interactions at 200 GeV /nucleon. Whereas
the grey particle multiplicities at 200 GeV /nucleon and the black particle multiplicities
at all energies are well understood discrepancies exist between calculated and measured
(Ng)-values at low energies. Concerning the result for gold-emulsion collisions it should
be again stressed that the models cannot be expected to work reliably for slow particle
production in asymmetric collisions in the rest system of the smaller nucleus. This might
explain the disagreement between the calculated grey particle multiplicity and the data.

In Fig. 4.14 multiplicity distributions of grey and black particles are shown for sulfur—
emulsion interactions at 200 GeV /nucleon together with data [230-232]. At low multiplic-
ities (s < 5) the distributions are dominated by interactions with the light emulsion
component whereas the tail at larger values arises from sulfur-bromine and —silver colli-
sions. Again, within the calculations the definitions given above for “grey” and “black”
of the EMUO1-Collab. are applied. They also possibly explain the differences between
the two data sets: the KLM-Collab. has distinguished grey and black particles by apply-
ing the cut § = 0.25 to all heavy particles [232]. The models are able to reproduce the
EMUO1-results within their statistical uncertainties.

In Fig. 4.15 calculated slow particle multiplicity distributions for collisions of oxygen
with different target nuclei at 200 GeV/nucleon are presented for protons and singly
charged fragments only. In order to compare the model results to data obtained by the
WAS80-Collab. [233] the following kinematic cuts have been applied to the calculated final
states: (i) an event is considered if the energy within a cone around the beam axis of 0.3°
is less than 88% of the energy of the incident nucleus and (ii) only protons and singly
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Figure 4.14: Calculated grey (a) and black (b) particle multiplicity distributions for sulfur—

emulsion interactions at Er,, = 200 GeV /nucleon are compared to data of the EMUOQI- [230,231]
and KLM-Collaborations [232].

charged fragments emitted with angles between 60° and 160° with respect to the collision
axis and kinetic energies between 30 MeV /nucleon and 400 MeV /nucleon are taken into
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Figure 4.15: Multiplicity distributions of slow protons and singly charged fragments from

oxygen—nucleus interactions at 200 GeV/nucleon. Model results are compared to data of the
WAS80-Collab. [233].

consideration. In addition it should be mentioned that the data are subject to detector
acceptance effects [233-235] which are not taken into consideration in the calculations.
The calculated distributions are therefore normalized to the data at Ny = 1.
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Correlations between heavy and shower as well as between grey and black particle
multiplicities are shown in Figs. 4.16 and 4.17. Taking the statistical uncertainties of the
experiment into account the overall agreement with the data [230] is reasonable.
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Figure 4.16: Model predictions on correlations between shower (N;) and heavy (N}) parti-
cle multiplicities in sulfur-emulsion interactions at Ep,, = 200 GeV/nucleon are compared to
experimental results [230].
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Figure 4.17: As in Fig. 4.16, here for grey (Ng) and black (Ny) particle multiplicities.

In order to study the kinematics in slow particle production angular distributions
of grey and black particles are calculated and compared to data on sulfur-emulsion in-
teractions at 200 GeV/nucleon [229,232] in Fig. 4.18. In the forward direction protons
dominate the yield of grey particles. Pions produced in intranuclear cascade processes
become additionally important in the backward direction. Parametrizing the angular
distribution of grey particles by K exp(bcos©,) the values K = 0.39 and b = 1.25 are
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Figure 4.18: Angular distributions of grey (a) and black (b) particles in sulfur-emulsion inter-
actions at 200 GeV /nucleon. Model results are shown together with data [229,232].

obtained for the calculated distribution. They have to be compared to the experimental
values of K = 0.44 and b = 0.92. The good agreement with data on the angular distri-
butions of black particles (Fig. 4.18b) supports the conclusion that the recoil momentum
transferred to the residual nucleus is well described within the models.

Finally, cross sections for the production of target fragments in carbon-silver inter-
actions at 25.2 GeV/nucleon are given in Fig. 4.19. In most of the spallation and deep
spallation regions (see Sec. 4.4.1) the measured cross sections [236] are reproduced. For
Ay > 100 the models underestimate the data by about a factor of two due to reasons
already discussed. The calculated yields at Ay =2,3,4 represent nuclei evaporated from
the prefragments.
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4.5 Applications to Cosmic Ray Cascades in the At-
mosphere

As already outlined projectile associated particle production contributes to the very for-
ward direction of a cosmic ray cascade. Moreover, it may even dominate the particle
spectra in kinematic regions which are either not accessible by secondaries of hadron—
nucleus interactions (such as the production of high-energy fragments) or which are pop-
ulated with only small probabilities (such as the high-energy meson yield at projectile
pseudorapidities).

In this section two examples are discussed: the production of pions in intranuclear
cascade processes in the projectile spectator nucleus [58] and the production and 7 de-
excitation of residual projectile nuclei [57]. The former for instance may affect the high-
energy muon component in the cascade and the de-excitation photons contribute to the
electromagnetic shower.

The results presented here were obtained using the DPMJET-II and DTUNUC 2.0
event generators. It can be shown [58] that these results do not depend on the particular
realization of the two-component DPM.

4.5.1 Projectile Associated Meson Production

The main effect of intranuclear cascades is that nucleons are knocked out of the spectator
nucleus. However, as mentioned in Sec. 4.4.2 up to 20% (depending on the colliding
nuclei and on the collision energy) of the grey particles are predicted by the model to be
pions which are produced in inelastic reinteractions within the spectator nucleus. Direct
verification of the predictions of the models concerning these pions is as yet not possible.
The emulsion experiments do not allow particle identification and give only information
on all slow charged particles and fragments. On the other hand the WA80-Collab. has
published results on slow protons and singly charged fragments only. As demonstrated in
Sections 4.4.1 and 4.4.2 the models are in reasonable agreement with results from both
classes of experiments giving an indirect support for the ability to describe also pion
production in intranuclear cascade processes.

Feynman-z distributions

Feynman-z distributions are most suitable in order to study particle production in the
projectile and target fragmentation regions. Here the observable xp is defined as zp =
pi/|pf™|, where pj and pj** are the longitudinal momentum of a hadron or fragment
and the maximum longitudinal momentum of a hadron (disregarding Fermi-momenta)
in the nucleon—nucleon c.m. system, resp. Whereas experimental data on the proton
fragmentation region of proton—proton and proton—nucleus collisions is available (and
has been compared to results of DPMJET-II in [31]), to the best of our knowledge no
corresponding experimental information exists on the fragmentation region of the nucleus.

In Fig. 4.20 Feynman-z distributions of positively charged pions are shown for helium—,
oxygen—, and iron—air interactions at a laboratory energy of 500 TeV /nucleon. In order to
point out the contribution from intranuclear cascade processes for each configuration two
distributions are plotted: one obtained taking the formation zone cascade into account
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and a second one calculated without this cascade. As the comparison clearly demonstrates
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the intranuclear cascade significantly enhances the pion multiplicity in the two regions
with |zp| > 0.3. This effect is more pronounced the heavier the nucleus is and can be
neglected for helium.

Spectrum-weighted moments and energy fractions

To study properties of cosmic ray cascades it is often convenient to examine spectrum-
weighted moments Z; of inclusive cross sections for the production of particles of type
in collisions of hadrons and nuclei with air nuclei [1]. They are defined as

dN; Evab
Tlab = .
3 Lab E()

A
Zi= [ dovay (o1) " Fi(wna)  with  Fi(aia) = ara (4.26)
0

deab

Zpap denotes the fraction of the (laboratory) energy per nucleon E; of the projectile carried
by a secondary particle. Here —(y+1) = —2.7 is approximately equal to the power of the
differential high-energy cosmic ray spectrum. The integration over zr,;, is performed up
to the projectile mass number A because projectile fragments, but also secondary hadrons
(due to the Fermi-momenta of nucleons), may have zr,, > 1.

In proton-induced air showers (A = 1) spectrum-weighted moments determine the
uncorrelated fluxes of energetic particles in the atmosphere. Since with v = 1.7 the
contribution to the moments from xy,;, — 0 vanishes the uncorrelated fluxes only depend
on the behavior of the inclusive cross sections in the forward fragmentation region. The
spectrum-weighted moments are about the same for all generations of the cascade and
show a weak energy dependence [1].

In a cosmic ray cascade initiated by a primary nucleus the situation is different. Such
a cascade contains after the first interaction mostly nucleons and hadrons. The spectrum-
weighted moments can describe the average particle content in the cascade precisely only



CHAPTER 4. PROJECTILE AND TARGET ASSOCIATED ... 95

after this interaction [58]. Nevertheless they might be used to outline differences be-
tween models. In particular, within this study they are calculated in order to prove that
the superposition model® is only a rough approximation when compared to a complete
treatment of nucleus—nucleus collisions within the description of the cascade.

In Table 4.4 spectrum-weighted moments of charged pions are given for different pro-
jectiles interacting with air nuclei at 500 and 5 - 10° TeV /nucleon. Results of calculations

Erab 1) | (@ (3) 1) | @) (3)
(ATeV) || 1 I Zn |12l || K, | K |y,KPor
p-air 500 1.0 - 0.0640 | 0.0640 - 0.350 | 0.350
5-10° 1.0 - 0.0586 | 0.0586 - 0.370 | 0.370
He-air 500 2.32 || 0.178 | 0.182 0.148 || 0.89 | 0.90 0.81
5-10% | 2.60 | 0.180 | 0.175 0.152 1.01 | 0.99 0.96
O-air 500 5.55 || 0.425 | 0.499 0.355 2.02 | 2.22 1.94
5-10% | 6.22 || 0.462 | 0.522 0.364 | 2.43 | 2.56 2.30
Fe—air 500 11.9 || 0.912 | 1.27 0.762 4.05 | 4.81 4.17
5-10% | 13.9| 1.02 1.29 0.815 4.70 | 5.43 5.14

Table 4.4: Spectrum-weighted moments Z, and energy fractions K, of charged pions are given
for the model without formation zone cascade (1), with this cascade (2) and for a model based on
vy, independently interacting protons with air (nitrogen) nuclei (3). v, is the number of projectile
nucleons interacting with target nucleons.

disregarding intranuclear cascade processes (labelled with “(1)”) and taking them into
account (labelled with “(2)”) are presented. In addition the number of projectile nucle-
ons v, sampled according to the Gribov—-Glauber formalism and moments corresponding
to an approximation in which the nucleus—air interaction is replaced by v, independent
proton—air interactions (resembling the treatment of nucleus—nucleus collisions within the
superposition model; labelled with “(3)”) are listed. A comparison of the three Z-values
for each configuration and energy can be summarized as follows:

e The Z-values of the model without formation zone cascade (1) already differ by
about 10-20% from the values given in column (3).

e Taking the formation zone cascade into account these differences become as large
as 50-70% with regard to (3).

e The differences depend strongly on the mass of the projectile nucleus and are most
pronounced (among the studied collisions) for Fe—air interactions.

3Tn the superposition model the particle cascade in the atmosphere induced by a high-energy nucleus of
mass A and energy F is approximated by a superposition of A independent showers initiated by nucleons
each of an energy of E/A
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Likewise, energy fractions K; = Z;(y = 1) might be compared. Results are given in
Table 4.4, again for the three different cases. The conclusions are essentially the same as
for the Z-values, though differences between (2) and (3) are less prominent (5-10%). For
Fe—air a comparison in the iron rest frame would be more appropriate [58].

4.5.2 Residual Nuclei and De-excitation Photons from the Pro-
jectile Spectator

So far one possible impact of a treatment of primary nuclei on the description of cosmic
ray cascades has been discussed with respect to intranuclear cascade processes in the
projectile spectator nucleus. In this section the disintegration and de-excitation of the
projectile prefragment is considered in addition.

Projectile fragments

As examples Table 4.5 shows average multiplicities of protons and neutrons evaporated
from projectile prefragments in oxygen— and iron-air collisions for different laboratory
momenta per projectile nucleon. In addition average numbers of heavy fragments are

PLab O-air Fe-air
(ATeV/c) | (Np) | (Nn) | (N3) | (Nag) || (Np) | (Nn) | (Ny) | (Nay)
0.2 0.74 | 0.80 | 0.20 1.8 2.5 4.0 1.9 2.5
20 0.85 | 0.90 | 0.17 | 1.7 28 | 45 | 1.7 2.9

2000 091 1 095|014 | 1.7 3.2 | 49 14 3.2
200000 0.91 | 0.98 | 0.12 1.6 3.5 | 5.2 1.2 3.4

Table 4.5: Average multiplicities of protons (Np), neutrons (N,), and heavy fragments (Npy)
evaporated from the projectile prefragment and of projectile de-excitation photons (N,) in
oxygen— and iron-air interactions are given.

shown. They include evaporated light fragments (deuterium, *H, *He and <), residual
nuclei and, in case of oxygen-projectiles, also heavier fragments produced according to
the Fermi Break-up model.

Predictions of cross sections for projectile fragment production are shown in Fig. 4.21,
again, for oxygen—(a) and iron-air interactions (b). Errorbars indicate statistical uncer-
tainties of the calculations. Substructures apparent in the mass yields (especially for
oxygen—air) are caused by specific properties of the fragmentation (Fermi Break-up) pro-
cess. Even though the overall shape of the mass yields remains constant over several
orders of magnitude of the projectile laboratory energy cross sections of small fragments
(A; < 6) are slightly increasing with energy whereas those of fragments with higher
masses decrease. It should be stressed again that for fragments with Ay > 16 apart from
evaporation no further fragmentation is treated. According to the discussion in Sec. 4.4.1
cross sections for fragments close to iron (Fig. 4.21b) are expected to be underestimated.
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Figure 4.21: Cross sections for the production of projectile fragments in oxygen— (a) and iron—
air interactions (b) at 0.2 and 200000 TeV /nucleon in the laboratory frame.

De-excitation photons

Within the event generators there are two main mechanisms of photon production in
nucleus—nucleus collisions: (i) decays of hadrons (predominantly 7° mesons) and (ii) nu-

10000 F T T —
1000 L 0.2A TeV: 7y fglogoﬁ‘dde%;ag : _ Figure 4.22: Pseudorapidity
2000A TeV: v from 70-decay re—i | distributions of photons pro-
100 B 7 from deexc. 1o ] duced in iron-air interactions
- eeeeeeee%meeeee%eee% 1 at laboratory energies of 0.2
(Z_N 10 . eeee ST, ee% 1 and 2000 TeV /nucleon. Con-
" o - o % 1 tributions of photons result-
1k o o ..:‘ ‘s 1| ing from n°-decays and from
i o S o s @é%é | de-excitation processes of the
0.1 b = . o .‘ ®@ é% - residual nuclei are given sep-
I ; = !n‘:! - ® | arately. The distributions are
0.01 ' ﬁg%“ SR e 0% ' plotted in the nucleon-nucleon

—10 —9 ?(7) o 10 c.m. frame.

clear de-excitation processes of prefragments. In order to study their relative contribution
to the total photon spectrum and the kinematic regions which are affected by both mech-
anisms their pseudorapidity distributions are shown separately in Fig. 4.22 for iron-air
collisions at 0.2 and 2000 TeV /nucleon. It is obvious that photon production by nuclear
de-excitation contributes only a minor fraction to the total multiplicity in the forward and
backward directions. Integrating the de-excitation photon distribution at a certain energy
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over, for instance, the forward hemisphere (n > 0) the average number of de-excitation
photons per interaction from the projectile prefragment is obtained. It represents the
residual excitation energy of this prefragment after the evaporation step. As it can be
seen from the figure this average excitation energy is about constant with collision energy
above 200 GeV /nucleon.

Finally in Fig. 4.23 Feynman-z distributions of photons are shown in the nucleon—
nucleon c.m. system, again for both sources of photons separately. It can be concluded
that the contribution of de-excitation photons is small and can be neglected for most
applications (mainly soft photons).
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Chapter 5

Summary and Conclusions

In the course of this work three aspects of high-energy nuclear collisions have been studied:
photoproduction off nuclei, single diffractive hadron—nucleus collisions and hard diffrac-
tion, and projectile and target associated particle production.

The two-component Dual Parton Model has been applied to interactions of real and
weakly virtual photons with nuclei for the first time. The description of these processes
is based on the following ideas.

The photon is assumed to interact either directly (direct processes) or as a quark-
antiquark fluctuation with nucleons of the target nucleus (resolved processes). The multi-
ple scattering process of the gg-state inside the nucleus is described in the framework of the
Gribov-Glauber approximation in terms of multiple soft and hard pomeron exchange. An
essential assumption imposed on this formalism concerns interactions of high-mass fluc-
tuations, the so-called anomalous photon interactions and direct photon interactions. It
is assumed that in anomalous and direct processes the photon interacts as a point-like
particle with only one target nucleon. The Gribov—Glauber cascade is suppressed at high
energies due to point-like processes and at very low energies due to the limited coherence
length of the hadronic fluctuation.

Within this description total cross sections are predicted up to TeV-energies:

e Comparisons of calculated cross sections and nuclear shadowing behavior with data
on photoproduction as well as on virtual photon—nucleus interactions show a rea-
sonable agreement.

e The presence of point-like photon interactions becomes visible in the total cross sec-
tions and the shadowing behavior of real photon—nucleus collisions at high energies.
These interactions lead to a stronger increase of the cross sections with energy and
may result in decreasing nuclear shadowing at TeV-energies. This effect is most
strongly pronounced for heavy target nuclei.

Using the PHOJET-model for photon—nucleon collisions, a MC formulation of the two-
component DPM for photoproduction off nuclei has been developed and implemented into
the event generator DTUNUC. The extension from photon-hadron and hadron—nucleus
collisions to multiparticle photoproduction off nuclei contains no further free parameters
and is therefore a severe test of the approach. The following results on multiparticle
production are obtained within this model:
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e The good agreement of calculated multiparticle production with data on photon—
hadron, hadron-nucleus, and nucleus—nucleus collisions demonstrates the consis-
tency of the model. Similar to the behavior of cross sections also particle produc-
tion off nuclei clearly shows decreasing shadowing with increasing photon virtuality.
At energies of present fixed target experiments inclusive particle cross sections are
approximately proportional to A! already at Q% > 1 GeV?. This is caused by the
decrease of the gg—nucleon cross sections with increasing (2.

e In analogy to observations in photon—proton collisions at HERA, the model predicts
that also in photoproduction off nuclei the dual nature of the photon may show up
most clearly in hadronic jet production. Jet profiles in photon—nucleus collisions
reveal a strong dependence of the underlying event on the fraction of the photon
momentum contributing to the jets.

Furthermore diffractive interactions have been studied. In the model, incoherent sin-
gle diffractive hadron—nucleus collisions are approximated by diffractive interactions of
projectile hadrons with single target nucleons. Cross sections are calculated taking fluc-
tuations in total hadron-—nucleon cross sections into consideration. High-mass diffractive
particle production is described by a cut triple-pomeron graph resulting in two chains of
particles. The model for single diffractive hadron—nucleus collisions has been implemented
into the event generator DTUNUC.

From a study of nucleus diffraction dissociation in proton-beryllium, ~aluminum, and
—tungsten interactions the following conclusions can be drawn:

e The dependence of the calculated cross sections on the target mass number shows
the peripheral character of the process and is in agreement with cross section data of
the HELIOS-Collaboration. Model predictions on single diffractive proton-nucleus
cross sections overestimate the data which deserves further theoretical investiga-
tions, especially as soon as more detailed experimental information is available.

e Many features of particle production within the model, such as the Mp- and t-
dependence of inclusive cross sections, are in reasonable agreement with first exper-
imental observations.

The description of hard diffractive particle production in hadron—hadron and photon—
hadron interactions is based on the assumption that the pomeron can be considered as
a partonic object. Consequently, jets in single diffractive final states originate from hard
processes between partons of a pomeron and partons of one of the scattering hadrons.
PDFs of the pomeron have been developed which are motivated by Regge theory. Using
these PDF's together with lowest order perturbative QCD for the hard partonic subprocess
hard diffractive particle production in hadron—-hadron and photon—hadron collisions is
calculated.

Data on diffractive photoproduction from HERA are qualitatively well described within
the model if a hard component is included into the description of diffraction. Further-
more, model predictions on hard diffractive particle production in proton—antiproton col-
lisions show features which are similar to those of first, uncorrected data of the UAS8-
Collaboration.
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The description of projectile and target associated particle production discussed in this
work is based on models for the following interaction mechanisms: intranuclear cascades,
evaporation of nucleons and light fragments, nuclear fragmentation processes and de-
excitation of fragments by photon emission.

Here, the formation zone intranuclear cascade model has been extended from hadron—
nucleus to nucleus—nucleus collisions. For both channels a method to calculate excitation
energies of prefragments in peripheral collisions is proposed. These excitation energies
serve as input for a description of further prefragment disintegration. This disintegration
is treated by applying models for evaporation of nucleons and fragments with masses up
to helium, for high-energy fission and by employing the Fermi Break-up model for the
fragmentation of light prefragments. A small part of the excitation energy might also be
spent in photon emission processes which are taken into account using an appropriate
formulation.

All these aspects have been implemented into the DPMJET-1I and DTUNUC realizations
of the two-component DPM and the obtained results can be summarized as follows:

e The calculations on target associated particle production are in reasonable agree-
ment with a large amount of experimental data from hadron—nucleus and nucleus—
nucleus collisions.

e (Calculated cross sections for the production of residual nuclei in the spallation and
deep spallation regions agree with data within a factor of two, as expected, since
multifragmentation is not treated.

A first application to interactions of cosmic ray nuclei in the atmosphere shows that a
description of projectile associated particle production could lead to relevant quantitative
effects in the simulation of cosmic ray cascades. Model predictions on both, spectrum
weighted moments and energy fractions of mesons increase if these processes are taken
into account. In a cosmic ray cascade calculation this would cause smaller depths of the
shower maximum and therefore a smaller electromagnetic size of the shower at mountain
or sea level. Furthermore projectile associated mesons might affect the muon content
in a shower. Cross sections for the production of projectile fragments in oxygen— and
iron—air collisions are predicted. The shape of the mass yields is approximately energy-
independent in the TeV-energy region. In high-energy nucleus—air interactions photons
from the de-excitation of projectile prefragments are predicted to play a minor role as
compared to photons produced by particle decays.
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