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Abstract

The Dual Parton Model for hadron-hadron, hadron—-nucleus and nucleus—nucleus

- collisions is studied in the fragmentation r_egion up to the Cosmic Ray energy region.
Due to the excellent Feynman scaling behaviour of the model outside the regions
around zp = 1. and zp = 0. , it is found, that accelerator data in the fragmentation
region are indeed relevant for the Cosmic Ray energy region. However, not enough

data are available in the fragmentation region of hadron collisions with light target
nuclei. Therefore many features of hadron production in collisions involving nuclei

can only be extracted from the study of models.
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I. INTRODUCTION

A hadron production model to be used at Cosmic Ray energies should take into
account all possible information from fixed target experiments and collider experi-
ments at accelerators. There are however important differences: For studying the
Cosmic Ray cascade, the main interest is in the forward fragmentation region of
hadron—nucleus and nucleus—nucleus collisions. Best studied at accelerators is the
central region in hadron-hadron collisions.

In this paper we will discuss hadron production in the framework of the Dual
Parton Model with emphasis in the fragmentation region. Important for Cosmic Ray
studies are two aspects of multiparticle production:

(1)The change of paiticle production with energy, starting from the region well
studied at present accelerator experiments.

(i1)The dependence of particle production on the nuclear target (and projectile).

A model for hadronic and nuclear interactions to be used in Cosmic Ray physics
should provide the basic ha.dronic. interaction term for the Cosmic Ray cascade. It
should provide the cross sections for hadron-hadron, hadron—nucleus and nucleus-
nucleus collisions as function of the enmergy. Secondary 7° and 7 mesons are the
source of the electromagnetic shower, secondary #* and K* mesons are the source
of Cosmic Ray Muons and the source of atmospheric Neutrilnos produced by the
Cosmic Ray cascade. Secondary charmed mesons are the source for prompt Muons
and Neutrinos. The model should work from the pion production threshold up to the
highest possible primary energies.

Soft multiparticle production characterizing hadronic interactions at supercollider
or Cosmic Ray energies cannot be understood purely within theoretical approaches
provided by perturbative QCD. The nonperturbative soft component of hadron pro-
duction, which is responsible for all of hadron production at low energies is still acting

at higher energies.



The energy dependence of hadron production has so far been best studied in
hadron-hadron collisions.

Using basic ideas of the dual topological unitarization scheme {1, 2] the Dual
Parton Model (DPM) (a recent review is given in Ref.[3]) has been very successfully
describing soft hadronic processes.

Observations like rapidity plateaus and average transverse momenta rising with
energy, KNO scaling violation, transverse momentum-multiplicity correlations and
minijets pointed out, that soft and hard processes are closely related. These properties
were understood within the two—component Dual Parton Model 14-10].

The hard component 1s introduced applying lowest order of perturbative hard
constituent scattering [11]. Single diffraction dissociation is represented by a triple-
pomeron exchange (high mass single diffraction) and a low mass component.

The Dual Parton model provides a framework not only for the istudy of hadron-
hadron interactions, but also for the description of particle production in hadron-
nucleus and nucleus-nucleus collisions at high energies. Within this model the high
energy projectile undergoes a multiple scattering as formulated in Glaubers approach;
particle production 1s again realized by the fragmentation of colorless parton—parton
chains constructed from the quark content of the interacting hadrons.

In Section II we give a short account of the Dual Parton Model. Section III
describes the Monte Carlo event generator DPMJET-II used in this paper. We study
with DPMJET-II hadron-hadron collisions in Section IV, hadron-nucleus collisions
in Section V and nucleus—nucleus collisions in Section VI. The properties of the model

relevant at Cosmic Ray energies are discussed in Section VII and a Summary 1s given

in Section VIII.



I. THE DUAL PARTON MODEL

A. The energy dependence of multiparticle production and the two—component Dual

Parton Model for hadron-hadron collisions

The soft input cross section in our unitarization scheme is described by the su-

percritical pomeron
o, = g2s(0-1 (1)

with g being the effective prot.oh—-pomeron coupling constant and «(0) the pomeron
intercept. The corresponding pomeron-trajectory is given by a(t) = a(0) + a't. The
supercritical pomeron was used in the t;vo—component DPM from the beginning‘[ﬁi].
In all fits of the pomeron parameters to cross section data , we get consistently better
fits with the supercritical pomeron than with the critical one.

Besides the supercritical soft (Fig.1(a)) and the hard pomeron (Fig.1(b)) we intro-
duce graphs with pomeron-pomeron couplings. Provided that the pomeron-pomeron
coupling constant I' is small in comparison with other couplings, such as g, it is suf-
ficient to consider the expansion in T only up to first order [5] . Thus a correction to
the pure pomeron-exchange is represented by the triple-pomeron graph (Fig. 1(c)).

included with an input cross section

2 ¢°I' s
orp = 167 b‘d ln;—; (2)

where by p is the slope brp = b3y + 2a'In(s), b%p = 3.7 GeV %, o' = 0.24 GeV~? and
so = 100 GeV?. (The numbers given here are the ones used in the first pubﬁshed
model [5], the results of our latest fits are given in (10].) The simplest cut of the
triple-pomeron (Fig. 1(c)) corresponds to a high mass single diffractive interaction.
High mass diffraction is a comparatively rare process. High mass means that the
diffractively excited system should not be a well defined hadron resonance. We also
describe high mass double diffractive processes again to first order introducing loop

graphs (Fig. 1(d)), with a cross section
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with bpp being the slope parameter bpp = 2a'ln(s), so = 400 GeV?, and s, =
25 GeV?2.

The input cross section for semihard multiparticle production oy is calculated

applying the QCD improved parton model, the details are given in Ref.[4,7,8,12].

B

Ohp = ;fo d:nl./(: da:zfdt 114, Qd(;-D'J fi(thz)fj(l‘rz: Qz) O(pL — PLthr)
(4)

fi(z, Q?) are the structure functions of partons with the flavor ¢ and scale Q2 and the
sum 2,7 runs over all‘possible flavors. To remain in the region where perturbation
theory is valid, we use a low p, cut—off p, , for the minijet component. Furthermore,
since we calculate ogcp;; in lowest-order QCD perturbation theory we multiply the
hard input cross section o, with a K factor in the range of 1.5 to 2. A hard interaction
leads to a chain system shown in Fig. 1(b).

The momentum fractions of the constituents at the ends of the different chains
are sampled using the exclusive parton distribution, which has the form for an event

with n, soft and nz(n,y > 1) hard pomerons

P(mls"':z‘a’nn"'az2ﬂ.+2+ﬂh) ~ \/3—1( H _—')3;‘5 H 9(33'5 Q;)é(l — Z zi)'

1=3 Ly 1=2n,+3 1=1
(5)

The distributions g(z;,Q;) are the distribution functions of the partons engaged in
the hard scattering. The Regge behaviour of the soft valence quark x—distributions is
2795, the term 1/,/z,; refers to the valence quark at the end of a soft valence chain.
The Regge behaviour of a diquark x-distribution is z'°, the term z;° refers to the
x—distribution of the valence diquark at the end of a soft valence chain. The Regge

behaviour of soft sea~quark x—distributions agrees to the one of the valence quarks,



it is also z7%°. The terms 1/,/z; refer to the sea—quarks and sea-antiquarks at the
end of soft sea chains.

Here one remark is in order. In the previous papers [5], [10] we did use terms 1/z;
for the soft sea—quarks and antiquarks. A corresponding formula with 1/z; is also
given in the Dual Parton Model review [3]. The use of this different behaviour for the
soft sea—quark x—distributions was certainly motivated by the behaviour of the deep
inelastic x—distributions for sea—quarks, but it is not correct for the soft sea quarks.
The correct Regge behaviour of soft sea quarks was already discussed in an Appendix
to the paper of Capella and Tran Thanh Van [13] and it is also given for instance in
[14]‘.. It is easy to check, that at low energies, typical for fixed target experiments, the
correct form 1/z or 1//z is not very important, the behaviour is mainly determined
by the low & cut—off of the structure functions.But for our goal, to study the Feynman
z p—distributions of hadrons at the highest energies in the fragmentation region, it is
essential to use the correct form 1/\/z.

Soft(s), hard(h), high mass single diffractive(TP), and high mass double diffrac-
tive(L) processes are treated simultaneously within an eikonal unitarization scheme

using the impact parameter representation

__- oi(s) B? -
xi(B,s) = ey exp| 45;1’ i =s8,h, TP, L (6)
normalized by
/2;(,-(3,3)423 _— (7)

with b, energy independent, b, = brp = by = b+ a’log(s). The exclusive cross section
for I, cut soft pomerons, m, cut hard pomerons, n. cut triple-pomeron graphs and

p. cut loop graphs is given by

(2xs)' (2xn)™ (=2xTP)™ (—2XL )P
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exp(—2x(B,s)] (8)
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with



X(B,S) — X,(B,S) + Xh(Bas) — XTP(B';S) — XL(B',"S)' (Q)

The total and elastic cross section are given by

Ot = 4T /Ooo BdB(1 — exp|[x(B,s)]), ca(B,s) = -E[crtot(B,s)}z. (10)

Diffractive processes characterized by the excitation of an initial hadron to in-
termediate resonances (low mass diffractive interactions) are introduced via a two
channel eikonal formalism. As suggested in Ref.[5] a new coupling A modifies the
three graphs given in Fig. 1(e-g) and leads to a modification of each graph with [ soft,
m haird, n triple-pomeron, and p loop exchanges.

During 1992-3 new data on deep inelastic scattering and new fits to parton struc-
ture functions were reported. New features of these fits include (i) the flavor depen-
dence of sea—quark distributions and (i1) a stronger rise of the structure functions
at low x—values, that is in the region important for minijets. These fits by Martin
Roberts aﬁd Stirling [15] and by the CTEQ-Collaboration (16} include functions with
a conventional 1/z singularity of sea—quark and gluon distributions (for instance the
MRS([DO] functions) as well as functions with a 1/z*® singularity (for instance the
MRS{D-] functions). The pre-HERA measurements did not allow to decide between
these two possibilities. However, there were theoretical arguments in favor of the
1/z'® singula.rity' (17). These more singular parton distributions were in the past
used to calculate the minijets {7, 8], but not taken very seriously. This was changed in
(10] , since the first HERA-data seem to favor just these singular parton distribution
functions [18].

Gluons are the most important source of minijets, unfortunately, so far no HERA
data for the gluon distributions are available, but we should start now to discuss the
implementation of the more singular functions for minijets.

In order to remove an inconsistency in older versions of DTUJET with z~'°

singular structure functions we make in DTUJET-93 [10] the threshold for minijet



production p,, energy dependent in such a way, that at no energy and for no PDF
the resulting o, is bigger than the total cross section. Then at least we have a cross
section, which is indeed mainly the cross section of a 2 — 2 parton process at this
level, but we can get back to the real 2 — n processes via parton showering. One

possible form for this energy dependent cut off is:

piene = 2.5+ 0.12[1g,o(V/3/V30)]° [GeV/cl, /34 = 50GeV. (11)

The resulting o}, are smaller than the total cross sections resulting after the unmitariza-

tion for all MRS-92 and CTEQ PDF’s and also the older KMRS (19} distributions.

"DTUJET93 [10] has been compared with nearly all aspects of hadron production
in the central region as found at the CERN and Fermilab colliders. Extrapolating
to LHC energies, we get charged plateaus of 5-6 particles per pseudorapidity umt
for the models with all MRS-92 and CTEQ PDF’s. However, the average transverse
momenta in the models with the singular PDF’s rise more steeply with energy than in
previously published versions of DTUJET. We find using DTUJET93 at LHC energies
an average p, typically 100 MeV/c bigger than plieviously.

‘The two—component Dual Parton Model has some natural way to cut-off the
singularity of the minijet cross section at low p;. The model uses the soft pomeron

cross section as the low p; limit of the minjjets.

B. The Dual Parton Model for hadron production in hadron—nucleus and nucleus—nucleus

collisions

The first successfull applications of the Monte Carlo version of the dual parton
model (DPM) to hadron-nucleus {20, 21] and nucleus-nucleus [22-24] collisions also
demonstrated that the cascade of created secondaries in the target (and projectile)
nuclei contributes significantly to particle production in the target (and projectile)
fragmentation regions. On the other hand, it is known for many years that a naive

treatment of intranuclear cascade processes on the basis of elementary cross sections



overestimates the particle yields, if the incident energy significantly exceeds five or
ten GeV [25, 26].

This problem may be solved by introducing the concept of a formation zone (27,
28] suppressing in a natural way the cascading of high—energy secondaries. The
Monte Carlo model includes intranuclear cascade processes of the created secondaries
combined with the formation time concept since the version DTUNUC-1.00.

In the following we briefly sketch the basic ideas of the model and mention the most

important ingredients; for a more detailed description of the model as applied in the

code we refer to Refs. (20,21, 29-33].

1. The Monte Carlo realization of the dual parton model DTUNUC for hadron-nucleus

and nucleus-nucleus collisions

The model starts from the impulse approximation for the interacting nuclei - i.e.
with a frozen discrete spatial distribution of nucleons sampled from standard den-
sity distributions [34]. The primary interaction of the incident high—energy projectile
proceeds via totally n elementary collisions between n, = n4 and n; = np nucleons
from the projectile (for incident hadrons n, = 1 ) and the target nuclei, resp. Actual
numbers n,n, and n, are sampled on the basis of Glauber’s multiple scattering for-
malism using the Monte Carlo algorithm of Ref.[34]. Note that individual hadrons
may undergo several interactions. Particle production in each elementary collision
is descibed in DTUNUC by the fragmentation of two color-neutral parton-parton
chains. In DPMJET also multiple soft chains and multiple minijets are considered.
Those chains are constructed from the valence quark systems or — in the case of re-
peated scatterings of single hadrons - from sea—qg pairs and sea—qq — qq pairs of the
interacting hadrons.

For nucleus-nucleus collisions in the two—chain approximation the single particle den-

sities are given by
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Here n denotes the total numbcr'of inelastic collisions between n4 and np participat-
ing nucleons from the projectile and ta.r_get nuclei and a is the rate of diquark pairs
to ¢ — ¢ pairs in the proton sea .

The hadronization of single chains is handled by the Monte Carlo codes BAMJET
35,36] and DECAY [37] or by the Lund code JETSET-7.3 [38].

2. The Cronin effect

In nuclear collisions, the partons at the sea and valence chain ends carry trans-
verse momenta from different sources: (i)The intrinsic parton transverse momentum
in the hadron. (ii) A transverse (and longitudinal) momentum resulting from the
Fermi motion of the nucleons inside the nucleon. These first two kinds of transverse
momentum were implemented into DTUNUC from the beginning. (iii) During the
passage of the chain end partons through nuclear matter, they suffer nuclear multiple
scattering which changes (usually increases) their transverse momenta.
The multiple scattering of partons is known since a long time to be responsible for the
so called Cronin effect {39] of particle production at large transverse momentum on
nuclear targets. A similar enhancement of particle production in hadron-nucleus and
nucleus-nucleus collisions compared to hadron-hadron collisions has been observed

in many experiments already at rather modest p,. (See for instance the review of

experimental data of Schmidt and Schukraft [40] where the data of these p, ratios
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are collected in Figs.4.21 to 4.24.)

At large p, this effect can be studied calculating the parton scattering pertubatively.
Our rather low p, sea chain ends might be considered as the low p, limit of per-
turbatively scattered partons. We apply to them and to the hard scattered partons
multiple scattering taking into account their path length inside the nuclear matter and
adjust the parameters in such a way, that the measured p, ratios at rising transverse

momenta are approximately reproduced by the code DTUNUC.

3. Production of strange particles

Studies of strangeness production within this model were given in [32,33]. The
DPM is an independent string model. Since the individual strings are umiversal
building blocks of the model, the ratio of produced strange particles over non-strange
ones will be approximately the same in all reactions. However, since some strings
contain sea quarks at one or both ends and since strange quarks are present in the
proton sea, it is clear, that, by increasing the number of those strings, the ratio of
strange over non-strange particles will increase. This will be the case for instance,
when increasing the centrality in a nucleus-nucleus collision. It is obvious, that the
numerical importance of the effect will depend on the assumed fraction of strange
over non-strange quarks in the proton sea. The rather extreme case leading to a
maximum increase of strangeness is to assume a SU(3) symmetric sea (equal numbers
of u, d and s flavors). We express the amount of SU(3) symmetry of the sea chain
ends by our parameter s**® defined as s**° =2 < 3, >/(< u, > + < d, >) where the
< q, > give the average numbers of sea quarks at the sea chain ends. All results from
DPMJET-II given in this paper are obtained with s***=0.5 . However, the above
scenario has an important draw-back. Since an antiquark from the sea is always
attached to a valence- or sea—quark on the opposite hemisphere, and since the only
important strings at CERN-energies are those containing at least a diquark at one

end, it will be impossible to obtain an enhancement of antibaryons. In fact, due to
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energy-momentum conservation, the ratio A/h~ will in fact decrease with increasing
centrality. In an attempt to solve this problem, we allow the creation of gq — dq pa.irs
from the proton sea, leading to the production of strings of type 4§ — § or 4q — qq
in which the production of strange antibaryons will be easier. The rate a of diquark
pairs to ¢ — d pairs in the proton sea is assumed to be the same as the ratio of ¢ — (gq)

to ¢ — q branching in the chain fragmentation.

4. Diffractive events
Single diffraction within the Dual Parton Model was studied in detail and com-
pared to experimental data in {9,41]. Single diffraction dissociation is represented by
a triple-Pomeron exchange (high mass single diffraction) and a low mass component
(low mass single diffraction) [5].
Diffractive processes characterized by the excitation of an initial hadron to in-
termediate resonances (low mass diffractive interactions) are introduced via a two

channel eikonal formalism.
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I11. THE EVENT GENERATOR DPMJET-II

The event generator DPMJET-I for hadron-hadron, hadron-nucleus and nucleus-
nucleus collisions described in {42] was based on DTUNUC-1.0 [43] and DTUJETS90
(5] DPMJET-I uses the Dual Parton Model for nuclear collisions as implemented in
DTUNUC-1.0, but for each elementary nucleon-nucleon collision the full system of
multiple soft chains and multiple minijets as implemented in DTUJET90 1s used.
DPMJET-I was mainly used in the past to study nucleus-nucleus collisions at the
energies of the CERN-SPS and the future heavy ion colliders RHIC and CERN-LHC
42].

DPMJET, version II is a code similar to DPMJ ET—I, but it has been constructed
completely new on the basis of the much improved codes DTUNUC-1.04 [33] and
DTUJET93 [10]. Here we report on the study, using DPMJET-II of hadron-hadron,
hadron-nucleus and nucleus-nucleus collisions in the Cosmic Ray energy region.
No similar studies were undertaken with the previous version of DPMJET. So far
no central nucleus-nucleus collisions at RHIC or the CERN-LHC were simulated
with DPMJET-II, this will be done in due course. We expect with DPMJET-II
mainly a rise of the average transverse momenta in nucleus-nucleus collisions against
DPMJET-I. The reason for this is the increase of average transverse momenta at cms
energies in the TeV region in DTUJET93 against DTUJET90 and the implementation
of the Cronin effect in DTUNUC-1.04 (and with this in DPMJET-II). This leads to
- a further rise of average transverse momenta in hadron-nucleus and nucleus-nucleus

collisions against hadron-hadron collisions.
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IV. HADRON-HADRON COLLISIONS WITH DPMIJET-II
A. Proton-proton collisions

1. Average multiplicities of produced hadrons in pp collisions
DPMJET-II, using he multiple soft chains and multiple minijets from DTUJET93,
is expected to show the same rise like DTUJET93 with energy of average multiplici-
ties, the rapidity plateau and of average transverse momenta.
In Table 1 we compare DPMJET-II at 200 GeV with multiplicities of the most
important secondary hadrons. The data are from Ref. [44]. The agreement is excel-

lent.

2. Feynman scaling

The relevance of an event generator like DPMJET-II based on the Dual Parton
Model for hadron production cross sections in the Cosmic Ray energy region can only
be claimed, if the model (i) agrees to the best available data in the accelerator energy
range and (ii)shows a smooth behaviour in the extrapolation to higher energies.

For the Cosmic Ray cascade in.the atmosphere only hadron—nucleus collisions
are relevant, with Nitrogen N beeing the most important target nucleus. However,
experimental data in the projectile fragmentation region are of much better quality in
hadron-hadron , and especially proton—proton collisions than for collisions of hadrons
with light nuclei. Therefore, we start with the study of proton-proton collisions.

In order to see, whether data in the accelerator energy range with projectile ener-
gies well below 1 TeV are relevant at all, we study first the Feynman scaling behaviour
of the model. In Figs. 2 and 3 we study the Feynman scaling of the produced leading
baryons and the secondary 7+ mesons. In most of the zp region , say for 0.05 < zp <
0.8, we find Feynman scaling indeed very well satisfied in the Dual Parton Model.
The violations of Feynman scaling, which occur around zr = 0 are connected with

the well known rise of the rapidity plateau for all kinds of produced particles. This
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violation is only absent for the leading baryon, where the z g distribution vanishes at
rr = 0. We find also a strong viclation of Feynman scaling for secondary nucleons
around zp = 1. This is connected with the diffractive component, which clearly vi-
olates Feynman scaling, For produced mesons, the statistics is not good enough, to
conclude, whether Feynman scaling near £z = 1 is strongly violated, but the diffrac-
tive component should also lead to a violation for the meson distributions. However
in the Feynman z region most important for the Cosmic Ray cascade 0.1 < zp <0.6
, Feynman scaling also for the meson distributions is excellent. This means, within
the framework of the Dual Parton Model, experimental data in the fragmentation
region (and the agreement of the model to them) are indeed very relevant also for the

Cosmic Ray energy region.

3. Comparing to experimental Feynman 2p distribulions

In proton-proton collisions, we have the advantage that experimental data are
available for Feynman zp distributions do/dzg or zpde/dzp integrated over trans-
verse momentum. In hadron-nucleus collisions nearly all data are only double differ-
ential distributions, In the Monte Carlo calculation, we get much smaller error bars
for single differential distributions than for double differential distributions. However,
also in proton-proton collisions, the data at times contradict each other.

Let us start to discuss #* and 7~ production. The EHS5-NA22 Collaboration [45]
has data on do/dzp in 250 GeV proton-proton collisions. In Fig. 4 we compare
the DPMJET resuits for 7~ production in the forward and backward fragmentation
regions and find a reasonable agreement. In Fig. 5 we compare with the production of
positively charged hadrons for zg > -0.4 and with =% production for zr < -0.4, again
the agreement is reasonable. In the projetile fragmentation region at large zp this
distribution is dominated by the leading protons from diffractive and nondiffractive
events.

Comparing to #1 ad 7~ production from other experiments, we get problems, In
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Fig. 6 we compare with data from Aguilar-Benitez et al. [46] and Bailly et al. [47] for
rr1a5do/dzp e, at 400 and 360 GeV. Because of the excellent Feynman scaling found
above, we have these two comparisons in one plot. In the case of 7~ production in Fig.
6 both sets of data agree very well and also the model agrees very well to the data.
in the region zrp < 0.5, where the error bars are small. Contrary, in the case of %
production (not shown) both sets of data disagree strongly (this was already noted
by Aguilar-Benitez et al.[46]) Furthermore, the data of Aguilar-Benitez et al. shows
a strange structure at 0.5 < zpq <0.8 , which is not found in other experiments and
in the model. Finally, we note, that the model is well below the data of Bailly et al.
[47],\It seems, that there is an error in the normalization of these data, therefore, we
jgnore the comparison with these data.

We turn to the comparison with the data of Kafka et al. {48] and Brenner et al.
49] at 205 and 175 GeV. Because of the excellent Feynman scaling found above, we
again compare to both experiments in one plot, Fig. 7 for #* . This time we find
for 7t a very good agreement of both experiments, but the two sets of #~ data (not
shown) are not fully consistent . In the low zr;, region with good statistics, we find
the model for #* production is slightly below the data, in addition, at large zpqs,
in the regin dominated by diffractive production, there is evidence, that the model
overestimates the 7% s well as ¥~ production, this region is however not the dominant

region, from where Cosmic Ray Muons result.

4. Transverse momentum dependence of DPMJET-II in proton—-proton collisions and the
seaqull effect
In Fig. 8 we repeat one of the comparisons already performed with DTUJET93
(10], this time with DPMJET-II and find the same agreement with the collider data
on the p, distribution at /s = 200 GeV. The comparison in Fig. 8 is for the central
region with pseudo rapidities |n| < 2.5. This is not very relevant for the fragmentation

region. In the fragmentation region the transverse momentum distributions and aver-
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age transverse momenta are known to depend strongly on Feynman zf. This effect is

known under the name seagull effect. In Figs. 9 and 10 we compare DPMJET-II with
data on the seagull effect measured by the EHS-RCBC Collaboration at 360 GeV and
find a reasonable agreement. Unfortunately, experimental data on the seagull effect

are usually limited to zp < 0.5-0.6.

5. Strange particle production in the fragmentation region of proton—proton collisions

Charged K-mesons are besides the charged Pions the most important source of
Cosmic Ray Muons and Neutrinos. Therefore, we have to check, how well the strange
hadron production is described by DPMJET-II. In Fig. 11 we compare the K+
distribution zpdo/dzp with data from Aguilar-Benitez et al. [46] at 400 GeV. The

agreement i1s reasonable, but the model does not reproduce the structure seen in the

data.

In Fig. 12 we compare zpdo/dzp for A Hyperons with the experiments of Kichimi
et al. [50] at 400 GeV and of Bailly et al. [51] at 360 GeV. The agreement of both
experiments with each other and the agreement of model and data are excellent, but
the experimental errors and the statistical errors of the Monte Carlo calculation are
quite big . In Fig. 13 we compare with the K3 distributions from the same two
experiments. At small values of zp, where the_statistics of data and Monte Carlo
calculation is still good enough, we find good agreement.

In Fig. 14 we compare with the data for the.seagull effect for A production, the
agreement is reasonable. The model reproduces for A production the remarkable
feature of the data, that the average transverse momentum is nearly independent on
TF.

Finally in Fig. 15 we compare the K* /x* ratios as function of the transverse
momentum with data of Antreasyan et al. {52]. The model reproduces well the rise
of these ratios with transverse momentum.

A stringent test of the model and particularly of the assumption of an enhanced
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strange sea i1s provided by the behaviour of the average strange particle multiplicities
(or better of the ratio of strange over non-strange ones) as a function of either the
collision energy /s or the charged particle density. The 3-—dependencé 1s presented
in Fig.16 and the dependence on the charged plateau of the ratio K/x is presented
in Fig.17. We compare to data of the Fermilab-E735 Collabration [53,54]. For these

calculations at high energies in p + p collisions we use the two—component Dual

Parton Model in the form of DTUJET93 [10].

B. Pion—proton and Kaon-proton collisions

In the Cosmic Ray cascade beyond the first generation the interactions of sec-
ondary hadrons, mainly Pions and Kaons are as important or even more important
than the interaction of nucleons. The Dual Parton Model can be constructed for all
hadronic projectiles. It is only required, to know the flavors of the valence quarks in
order to predict the hadron production by hadronic projectiles.

In this Section we compare the hadron production in Pion-proton and Kaon-
proton collisions as implemented in DPMJET-II with data in the fragmentation re-
gion.

In Figs. 18 and 19 we compare the model with the results of the EHS-NA22
experiment [45] at 250 GeV in 7w+-p collisions. As in the corresponding comparisons
with this experiment for p-p collisions, we find a satisfactory agreement of model and
data. This refers to the produced 7~ as well as to the leading #* mesons and to the
diffractive peak in the leading particle distribution.

In Fig. 20 we compare at 175 GeV to dataon 7t + p— 7% +X and 7" + p— 7~
+X from Brenner et al. [49]. In Fig. 21 we compare at 175 GeV to data on K™ +
p— Kt +X , Kt + p— n* +X and K* 4+ p— 7~ +X from Brenner et al. 49]. In
all of these comparisons we find a quite good agreement between the model and the
data. We conclude, that the Dual Parton Model is able to describe hadron production

‘n meson—nucleon collisions as well as in nucleon—nucleon collisions.
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V. HADRON-NUCLEUS COLLISIONS WITH DPMJET-II

A. Hadron—-Air inelastic cr;oss sections as function of the energy
The Glauber model, which is part of DPMJET-II allows to calculate the inelas-
tic hadron—-nucleus cross sections. What we need for this calculation is the nuclear
geometry and the elementary hadron-nucleus scattering amplitude parametrized as
follows:
Energy dependent quantities enter the Glauber approach via the profile function

of elastic hadron-nucleon scattering,

1
2mp

Yan(d) = /dzq exp(iq - E)th(g’), (13)

1.e. the amplitude of elastic hadron-nucleon scattering in the impact parameter rep-
resentation (with ¢ denoting the lateral, i.e. two-dimensional momentum transfer).

In their Monte Carlo realization of Glauber’s approach Shmakov et al. [34] apply the

high-energy a.]_:;proxjma.tion of the profile function,

oiN Kfun(0)) -2
ira (1 z%th(O))e , (14)

with parameters ¢**“,a and p = Rfin(0) / Sfan(0) appropriate for the descrip-

Y (b) =

tion of nucleus-nucleus interactions at energies of several GeV per nucleon. (This
parametrization corresponds to a differential cross section do/dt ~ o, exp(a-t) with
t ~ —g2.)

However, the energy dependence of the elastic hadron-nucleon scattering ampli-
tudes will influence the properties of hadron-nucleus and nucleus—nucleus scatter-
ing. In particular, the number of individual high-energy hadron-nucleon interac-
tions (n,n4,np) will increase with rising energy, hence the multiplicity will increase
stronger than to be expected from the energy dépendence of single hadron-hadron
interactions.

Guided by the data collected in Ref. [55], we apply the following parametrizations

for the slope parameter a : a = 8.5 (1 + 0.0651n s) for nucleon-nucleon collisions and
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a = 6.0 (1 4+ 0.0651n s) for m— and K-nucleon collisions. We use for the ratio p of the
real and imaginary part of the elastic scattering amplitude: p = —0.63 + 0.1751n /s
for the energy region 3.0 < /s < 50. and p = 0.1 in the energy region /s > 50 GeV
in nucleon-nucleon scattering and p = 0.01 for 7— and K-nucleon scattering.

The energy dependence of the total cross sections is described by the fits of the
Particle Data Group [56]; at energies beyond the range of the actual parametrization
of the pp cross section the one for pp is applied and at energies even higher we use
the total cross—sections as calculated by the two—component Dual Parton Model for
hadron-hadron collisions [10].

The same information is also needed to construct the inelastic events and indeed
usually each run of DPMJET starts with a calculation of the inelastic cross section.

In Fig. 22 we compare the p—Air cross sections calculated with DPMJET-II to

data from Cosmic Ray experiments.

B. Feynman scaling in hadron—nucleus collisions

In order to understand the relevance of accelerator data on particle production in
hadron-nucleus collisions for the Cosmic Ray cascade, we study again the Feynman
scaling behaviour of p+Air— #+ +X. This is done in Fig. 23 , where we plot the
zrpdN /dzr distributions for laboratory energies of 1, 10, 100 and 1000 TeV. As above
in proton—proton collisions, we find again , that Feynman scaling is very well satisfied
in most of the zr region. Exceptions are again the region around zgp = 0, where the
rise of the rapidity plateau violates Feynman scaling and the region g =1 for leading
particles, where the diffractive component does not show Feynman scaling. Given this
Feynman scaling behaviour, we can again conclude, that accelerator data and their
agreement to the model are indeed very relevant to the Cosmic Ray application of

the model.
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C. Feynman x distributions in collisions of protons with light nuclei and the a(z )

behaviour

In Fig.24 we compare at 400 GeV the Feynman zp distributions of produced
protons and % mesons in proton—proton, proton—-Beryllium, proton-Air, proton-
Aluminium and proton-Copper collisions as calculated with DPMJET-II. We observe
in the relevant z 7 region the zz distributions from p-p to p—Air to differ by less than
a factor 2 and the distributions changing the target from p-Be over p-Air to p-Al
again to change by less than a factor 2. The latter change can be described by a(zF)

representing the cross section as

do P4 do PN
:BFd:BF A deJ:F (15)

For the transition p-p to p—Air this A*(*F) behaviour is not relevant, since we know
that this kind of extrapolating h-A total cross sections to p—p does not give the
correct p—p total cross section. Usually a(zr) is determined using data for two or
more different target nuclei without ever considering p-N collisions.

The zp distributions for p~p and p—Air collisions in Figs. 24 cross in the region
below z7 = 0.2. This crossing diminishes further the errors, which can result from
errors in the p-p to p—Air transition. Unfortunately, there are no precise data (from
the same experiment), where the differences of Feynman zp distributions in p-p and
p-light nucleus collisions could be checked. Therefore, for this transition, the best we
can do at present is to rely on the model.

We do not learn much more, if we compare to experiments , where the hadron
production on light target materials is measured in the form of double differential
distributions. Such comparisons were done. The errors in such double differential
comparison are usually rather big and difficult to understand.

The results of double differential cross sections for inclusive hadron production in

hadron-nucleus collisions have been represented in the form
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B3P 4 dsap;N
E-———-— — Aa(:Flp.L)E
5 & (16

With data on two different target nuclei, one can extract a(zg,p,) without the
knowledge of Ed%c/d*p" "N The data of Barton et al. (57] at 100 GeV and
at a transverse momentum p; =0.3 GeV/c were used to get a(zr) (in reality :
a(zp,p. = 0.3GeV/c)). In the Monte Carlo calculation it is difficult to get such
a good statistics at fixed p,, to extract meaningfull a(zr) values. This is just pos-
sible for single differential distributions in zg. In Fig. 25 we compare the a(zr) as
obtained by Barton et al. [57] for pion production at p; = 0.3 GeV/c with a(zfg)
obtained from DPMJET-II results for all charged hadrons integrated over all p, . The
agreement in the zp region of overlap is reasonable. For £z — 0 in the Dual Parton
Model the limiting a(zr) value is 1. This is actually also obtained from DPMJET-II.
For large values of zp the limiting a{zy — 1) for the data as well as for the Monte
Carlo seems to be around 0.4.

The agreement with these a(zr) data is the strongest point for the claim, that
the Dual Parton Model in the form of the DPMJET-II event generator gives a good
description of the nuclear dependence of hadron production in the fragmentation
region. We stress however once again, these a{zr) data are only for fixed p, and it
would be highly desirably to obtain better data for the change of hadron production

from proton-proton collisions to collisions of protons with light target nuclei.

D. Transverse momentum distributions in hadron-nucleus collisions , transverse

momentum ratios and the a(p, ) behaviour

In Figs. 26 and 27 we compare transverse momentum distributions calculated
with DPMJET-II for p-W and p-Au collisions at 200 GeV with data [58] and [59]
and find a good agreement.

In order to show the changes in the transverse momentum distributions from p-p

to p—A collisions one presents the data in the form of p, ratios
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dSNP—A
Do
R(pl) — E,_n;rp“P (17)
&p
or one uses the a(p, ) representation
BoP 4 Ba? N
E-—— =4P)p_—
d3p d3p (18)

In Fig. 28 we compare DPMJET-II with a(p, ) data from Garbutt et al. [60].
The data are for identified kinds of secondary hadrons. In the model calculation we
present a(p; ) only for #* and K*. We find a rather good agreement with the data

for #* , The af(p,) calculated for K+ are systematic above the values for =%, but

they stay in the region with good statistics below the data for the K*.

In Fig. 29 we present the seagu]lleffect as calculatd in DPMJET-II for p—-Air
collisions at energies between 1 TeV and 1000 TeV . At all energies p, (z¢) rises sig-
nificantly with zz (at least in the region zg < 0.5.). At the same time the transverse
momentum rises strongly with the collision energy, in the model mainly due to the

rise of minijet production.

E. Production of strange particles in hadron—nucleus collisions

Important questions for Cosmic Ray studies are:

(1) Is there an enhancement of strange particle production if we go at the same
energy from proton-proton to proton—nucleus collisions? and

(i1) Does in hadron—nucleus collisions the strange hadron production rise faster
than the inelastic cross-section, or does the multiplicity ratio 7,irange/nonstrange 183-
crease with the mass A of the target nucleus?

One can look at multiplicities of strange and nonstrange hadrons from some ex-
periments, (such data were collected by Bialkowska et al. [61] } . A look at such a
compilation shows, that the statistical and systematical uncertainties of the data do

not allow to draw any conclusion about a systematic increase or decrease.
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Fortunately, there are some experiments, where the strange and nonstrange
hadron production on different target nuclei is compared in the form A® and a values
are given separately for strange and nonstrange produced hadrons. We review the

results of three of these experiments:

(i)Antreasyan et al.[52] measure the Cronin effect . They present (in their Fig.16)
ax — o, as function of p, and find it at all measured p, values to be larger than
zero. This means, that the K/« ratio increases with A. Unfortunately, their lowest p;
value is 0.77 GeV/c (where ax — a, is around 0.07) and one might doubt, whether
this allows a conclusion about all of the low-p, particle production.

(ii) An experiment similar to the one of Antreasyan et al.[52] was performed by
Garbutt et al. [60], (see also Fig. 28) fortunately at p; values between 0.2 and
2.4 GeV/c. Also here , at all p; they find ax — ar x<0.1. In DPMJET-II we find
ax+ — e+ systematically larger than zero, but smaller than 0.1. Again from the data
as well as from the model, the conclusion is, that K/x increases systematically with
A.

(iii)Skubic et al. [62] present a values as function of Feynman zr and p; for K3
production at 300 GeV. a values are given for zr = 0.2, 0.4 and 0.6 and p, values
between 0 and 1.5 GeV/c. At p, values below 0.8 GeV/c all a(zFr,p.) are found
smaller than 2/3, but a(zr, p. ) increases with decreasing zr and we might hope, that
in the zp region around 0, from where the dominant K* and K° production comes,
again o(zr,p.) is found bigger then 2/3. A modest rise of the K/7 ratios with the
mass of the target nucleus is also found in DPMJET-II, it is however difficult to get

enough statistics to extract meaningfull a values from the Monte Carlo calculation.
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VI. NUCLEUS-NUCLEUS COLLISIONS

A. Nucleus—Air inelastic cross sections as function of the energy
The same Glauber model, which gives the hadron—Air inelastic cross sections is
also able to calculate nucleus—nucleus inelastic cross sections. In Fig. 30 we present
nucleus—Air inelastic cross sections calculated with DPMJET-II in the energy range
0.1 TeV to 10" TeV. All these cross sections rise with the energy, but the relative
rise of the cross sections from the lowest to the highest energy is smaller for heavy
projectiles, since in the center, at small impact parameters the nuclei become black

already at lower energies.

B. Comparison of nucleus—-nucleus collisions according to DPMJET-II with the

superposition model

Instead of the proper sampling of nucleus—nucleus scattering events, an approx-
imation often applied is the so called superposition model. There are two different
possible superposition models:

(i) A Nucleus—nucleus collision A-B with N, participating projectile nucleons is
approximated as the superposition of N, simultaneous nucleon-nucleon collisions.

(ii) A Nucleus—nucleus collision A-B with N, participating projectile nucleons is
approximated as the superposition of N, simultaneous nucleon-B collisions.

Tables 2 and 3 we present multiplicities and spectrum-weighted moments calcu-
lated using DPMJ ET-II for C-Air collisions. The comparisons in these two Tables
with both versions of the superposition model show, that the superposition is only a

very rough and unreliable approximation to real nucleus—nucleus collisions.
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VII. DPMJET-II AT COSMIC RAY ENERGIES
In {63] we will report about the application of DPMJET-II to study the cosmic
ray cascade. Here we give only some general properties of DPMJET-II in this energy

range.

A. Important differences between the two—component Dual Parton Model and minijet

models

There is no scientific reason, not to call the two-component Dual Parton Model
(the two components are the soft pomeron and the ha,rc:l pomeron or the minijets) also
a minijet model. Minijet models too have a soft and a hard component. The reason
not to use the term minijet model for DPMJET is connected with the fact, that the
name minijet model so far was only used for models which use a critical pomeron
with an intercept of exactly one. In such a minijet scheme, it is then claimed, all the
rise of the cross seciions with energy is due to the rise of the minijet cross sections.
This is not so in our model, therefore we avoid to use the name minijet model.

The supercritical pomeron was used in the two—component DPM from the begin-
ning (4], while the so called minijet models use the critical pomeron with a(0) = 1
from Durand and Pi [64] over Gaisser and Halzen [65] , SIBYLL {66] up to HIJING
67].

There are important differences which result from this different approach:

(i)Both kinds of models determine the free parameters of their model in a fit to
total, inelastic and elastic cross sections. Both models obtain acceptable fits, we have
reported even about the fits using a critical pomeron elsewhere 8], but of course, if
at the end of the fit we treat the pomeron intercept a(0) as a free parameter instead
to fix it to a(0) = 1, the fit improves and in all situations (fits using different parton
structure functions to calculate the minijet cross sections) we obtain the intercept
larger than 1. namely a(0) ~1.07. These better fits to the data are our main argument

for the continuing presence and even rise of soft hadron production at the highest
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energles.

(ii)Due to these different starting points the chain structure of the models differ:
In both models we have a pair of soft valence-valence chains (resulting from cutting
one soft pomeron) and in both models we have minijets. Only in the two component
Dual Parton Model we have in addition soft sea-sea chains with soft sea quarks at
their ends. The number of these chains increases with energy and a substantial part
of the rise of the multiplicity and rapidity plateau results from this mechanism.

(ii1)The x-distributions of soft sea quarks are determined by the Regge behaviour,
which is for soft sea as well as valence quarks like 1/ \/E:c) The minijets are calculated
from the deep inelastic structure functions with (depending on the parametrization
for the structure functions used) a behaviour like 1/z or 1/z"°. In the Dual Parton
Model the Feynman zp distributions resulting from fragmenting valence chain ends
(which dominate at small energy) and from fragmenting soft sea chain ends do not
differ, this is the source of the excellent Feynman scaling and the nearly energy
independent spectrum weighted moments. In the minijet models all chains except the
single valence chain pair, which dominates at low energy, are minijets with the much
softer x—distribution. Therefore in these models Feynman scaling is more strongly
violated and the spectrum weighted moments decrease with the collision energy. The
rise of the minijet component in the Dual Parton Model leads of course to the same
effect, this effect is however smaller, since not all of the rise of particle production is

due to the mimjets.

B. Spectrum weighted moments
In Table 4 we present spectrum weighted moments Z, and Zg according to
DPMJET-II in p-p and p-Air collisions and inelasticities for the leading baryon
K, (K is deﬁned as the average energy fraction carried by the single most energetic
baryon in each event). We find, as explained already in the last Section, Z, and Zg

moments rather constant with the collision energy. The moments for p—~Air collisions
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are smaller than for p—p collisions. This decrease is connected with the a(zy) be-
haviour as given in Fig. 25. The inelasticities K, decrease with energy, this decrease
will be discussed in the next Section.

In Tables 5 and 6 we give Z, and Zx moments in #*-p, #*-Air, K*-p and K*-
Air collisions. Again, the moments for the produced particles are rather constant with
rising energy, while the moments for the leading hadrons decrease systematically with
rising energy.

In Table 7 we compare the Z, and Zx moments calculated with DPMJET-II in
p—Air collisions with the ones resulting from HEMAS [68] and SIBYLL [66]. The
agreement of the moments, especially the ones from DPMJET-II and from SIBYLL
is certainly much better, than expected from the errors of the experimental data used

to tune the parameters of the models.

C. Inelasticities

In Table 4 we presented already the inelasticities K, for leading baryons as cal-
culated from DPMJET-II for p—p and p-Air collisions. In Table 8 we present the
inelasticities K} in p—Air collisions calculated fron DPMJET-II for the most impor-
tant secondaries as function of the energy. We repeat here, since the definitions of
inelasticities differ in the literature, our inelasticities K, are defined as the fraction
of the laboratory energy carried away in the average by secondary hadrons of kind A.

We observe in Tables 4 and 8 a decrease if the inelasticities of all leading baryons
(p, n and A) while the inelasticities of all newly produced kinds of hadrons increase
with energy. A large part of this effect is due to the diffractive component.

In the two—component Dual Parton Model {10] we obtain inelastic cross sections
rising with energy like log®s. The single diffractive cross sections , where the experi-
mental data are not really a guidance, seem in the model at high energy to approach
an energy independent value. A similar result was obtained recently by Gotsman,

Levin and Maor [69]. The double diffractive cross sections in the model behave simi-
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larly.

The leading hadron inelasticities are particularly large in diffractive events. If
the relative fraction of difiractive events decreases with rising energy, we expect a
decrease of the inelasticities of the leading hadrons and a corresponding increase of
the inelasticities of produced hadrons as found in Table 8 . In this situation, we
stress the importance of experimentasl measurements of the hadron production in
the fragmentation region , including the measurement of diffractive cross sections
at the highest available accelerator energies at the Fermilab Collider. Without such
experimental data we have only the models to extrapolate into the Cosmic Ray energy

region.

D. Upper energy limit for DPMJET-II calculations

Presently DPMJET-II is able to run up to energies of approximately 10!% eV in
the lab system. There are trivial reasons for this limit (dimensions in fields to be
defined during initialization), which could result in a failure to run at higher energies.
Such problems would be easy to solve, but there are besides these trivial reasons
physical reasons, that the code should not be used at higher energies.

The most important of these reasons is connected with the minijet compo-
nent. The way in which the minijet component is implemented in DTUJET93 and
DPMJET-II is described in Ref. [10]. This method is expected to break down for
structure functions with 1/z'® singularities (for sea quarks and gluons) at higher
energies. These structure functions are suggested by the first measurements at the
HERA accelerator. For the older structure functions with a 1/z singularities, it would
be rather straightforward to define the minijet component at higher energies, but this
might not ;correspond to the correct physics. There are certainly ideas, how to ex-
tend the treatment of the minijet component up to higher energies, but this would

be connected with large and extensive modifications in the model.
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VIII. SUMMARY

The event generator DPMJET-II based on the Dual Parton Model has become
a valid alternative to models like HEMAS [68], and SIBYLL [66] to simulate the

high energy hadron-hadron, hadron-nucleus and nucleus-nucleus collisions within a
Cosmic Ray cascade code.

The excellent Feynman scaling found with DPMJET in large parts of the zp—
region in hadron-hadron and hadron-nucleus collisions gives us the confidence, that
accelerator data on Feynman zp—distributions in the projectile fragmentation region
are indeed very relevant for applications in the Cosmic Ray energy region.

The model provides hadron-hadron total, inelastic, elastic and diffractive cross
sections consistent with accelerator data. The hadron-Air cross sections derived from
this are consistent with hadron—Air cross sections extracted from Cosmic Ray exper-
iments. The model provides also all the necessary cross sections to study nucleus-
nucleus collisions in the Cosmic Ray cascade.

As a consequence from the excellent Feynman scaling in the model we find
spectrum-weighted moments Z, and Zg for hadron-Air collisions, which remain
rather constant with increasing collision energy, in contrast to the behaviour of other
models, where these moments decrease more strongly with energy. These moments
for h—Air collisions are however smaller than the corresponding moments in hadron-—
hadron collisions.

The fraction of the primary ‘energy carried by the leading particles in the collision
decreases with energy and with the mass of the target nuclei. A large part of this
decrease is due to the decreasing fraction of diffractive (single diffractive and double
diffractive) events with rising energy and rising target mass.

The model incorporates the Cronin effect and shows a stong seagull eflect. Cor-
respondingly the average transverse momenta < p; > rise with the collision energy

(mainly due to the rise of the minijet production cross section), with the mass of the
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nuclear target and projectile and with rising Feynman zp.

[t is important, that the model is able to give a good description of hadron pro-
duction in nucleus—nucleus collisions. Due to the large fraction of nuclei in primary
Cosmic Rays nucleus—Air collisions are of great importance in the Cosmic Ray cas-
cade. It has been shown, that these collisions in the Dual Parton Model differ from
what is expected in simple approximations like different superposition models.

Finally, we find , in agreement to what is known from accelerator experiments
significant enhancements of strange hadron production with the collision energy, with
the transverse momentum, with the secondary multiplicity of the collision and with

the mass of the nuclear projectils and targets.
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FIGURES

FIG. 1. Diagrams and the corresponding cut graphs for the exchange of a) one soft
pomeron, b) one hard pomeron, and c) one triple-pomeron (high mass single diffraction).
Fig. d) shows one cut pomeron-loop graph (high mass double diffraction). Low mass single
diffractive processes (e),(f) and low mass double diffractive processes (g) are introduced via

a two—channel eikonal formalism

FIG. 2. Test of Feynman scaling in the production of leading baryons in proton -

proton collisions. The Feynman—x distributions were calculated with the Dual Partom

Model DPMJET-IL.

FIG. 3. Test of Feynman scaling in the production of #* in proton —proton collisions.

The Fe}fnman—x distributions were calculated with the Dual Partom Model DPMJET-II.

FI1G. 4. Comparison of Feynman-x distributions of #~—-mesons produced in proton-
proton collisions at 250 GeV. The expetimental data are from the EHS-NA22 Collaboration

(45]. The calculation uses the Dual Parton Model DPMJET-II.

FIG. 5. Comparison of Feynman—x distributions of positively charged hadrons pro-
duced in proton—proton collisions at 250 GeV. The experimental data are from the EHS-
NA22 Collaboration [45]. For zz < —0.4 the experimental and calculated distributions

refer to ©#+ only. The calculation uses the Dual Parton Model DPMJET-II.
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FIG. 6. Comparison of Feynman-x distributions of 7~ -mesons produced in proton-
proton collisions at 400 and 360 GeV. The experimental data are from the Aguilar-Benitez
et al. [46] and from the EHS-RCBC-Collaboration [47]. The data from both experiments
agree rather well with each other, in fact most of the data points of [47] are below the [46]

data. The calculation uses the Dual Parton Model DPMJET-1I.

FIG. 7. Comparison of Feynman—x djstribﬁtions of #T-mesons produced in proton-
proton collisions at 205 and 175 GeV. The experimental data are from Kafka et al. [48]
and from Brenner et al. [49]. The data from both experiments agree rather well with each

other. The calculation uses the Dual Parton Model DPMJET-II.

FIG. 8. Comparison of transverse momentum distributions with collider data at /s =

200 GeV. [70] The calculation uses the Dual Parton Model DPMJET-II.

FIG. 9. Comparison of the seagull effect in the reaction p+p— h~ +X at 360 GeV. The
data are from the EHS~-RCBC Collaboration [71]. The calculation uses the Dual Parton

Model DPMJET-II.

FIG. 10. Comparison of the seagull effect in the reaction p+p— h* +X at 360 GeV.
The data are from the EHS-RCBC Collaboration [71]. The calculation uses the Dual Parton

Model DPMJET-IIL.

FIG. 11. Comparison of Feynman-x distributions of K+-mesons produced in proton-
proton collisions at 400 GeV. The experimental data are from the LEBC-EHS Collaboration

(46]. The calculation uses the Dual Parton Model DPMJET-II.
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FIG. 12. Comparison of Feynman-—x distributions of A-Hyperons producea in proton-
proton collisions at 360 and 405 GeV. The experimental data are from the EHS-RCBC-

Collaboration [51] ‘and from Kichimi et al. [50]. The calculation uses the Dual Parton
Model DPMJET-II.

FIG. 13. Comparison of Feynman—x distributions of Kj-mesons produced in proton-
proton collisions at 360 and 405 GeV. The experimental data are from the EHS-RCBC-
Collaboration [51] and from Kichimi et al. [50]. The calculation uses the Dual Parton

Model DPMJET-II.

FIG. 14. Comparison of the seagull effect in the reaction p+p— A +X at 360 GeV. The

data are from the EHS-RCBC Collaboration {71]. The calculation uses the Dual Parton

Model DPMJET-1I.

FIG. 15. The ratio K*/x* as function of the transverse momentum. We compare the

results of DPMJET-II at different energies to data of Antreasyan et al.[52].

FIG. 16. K/m-ratios as function of the energy /s. Calculated with the Dual Parton
Model Mo