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Abstract. A new feature of hadron production in nuclear
collisions is the large stopping of the participating nucleons.
Experimental data demonstrating this effect have been pre-
sented by the NA35 Collaboration at the CERN SPS. In or-
der to incorporate the effect into multichain models, new di-
quark breaking diagrams were proposed in Kharzeev (1996);
Capella and Kopeliovich (1996). The new diagrams were in-
vestigated in Ranft (2000), where also their implementation
into multistring fragmentation models was discussed. The
presence of the new baryon stopping diagrams modifies con-
siderably the extrapolation of multistring models to Cosmic
Ray energies. The energy fractions carried by baryons de-
crease as compared to those obtained with models without
the new diagrams.

1 Introduction

A recently discovered feature of hadron production in nuc-
lear collisions is the large stopping of the participating nucle-
ons in hadron–nucleus and nucleus–nucleus collisions. Ex-
perimental data demonstrating the large stopping of the par-
ticipating nucleons in hadron–nucleus and nucleus–nucleus
collisions have been presented in Alber et al. (1994) and Al-
ber et al. (1998). Multistring fragmentation models like the
Dual Parton Model (DPM) or similar models did originally
not show this enhanced stopping in nuclear collisions. There-
fore, in order to incorporate the effect into multistring frag-
mentation models new diquark breaking DPM–diagrams act-
ing in hadron–nucleus and nucleus–nucleus collisions were
proposed by Kharzeev (1996) and Capella and Kopeliovich
(1996) and investigated in detail by Capella et al. (1999) and
Capella and Salgado (1999). Similar ideas were discussed
by Vance and Gyulassy (1999) and by Casado (1999). The
Monte Carlo implementation into DPMJET–II.5 of the new
diquark breaking diagrams of Kharzeev (1996) and Capella
and Kopeliovich (1996) was first discussed by Ranft (2000).
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The implementation into DPMJET–III (Roesler et al., 2001)
of these diagrams differs somewhat from that of Ranft (2000)
and is described here.

2 Baryon stopping in multichain models

The new diquark breaking DPM–diagrams can be classified
as (for details see (Ranft, 2000))

(i) GSQBS, the Glauber sea quark mechanism of baryon
stopping, this diagram acts in nuclear collisions already at
low energy.

(ii) USQBS, the unitary sea quark mechanism of baryon
stopping, this mechanism leads to baryon stopping also in
proton–proton collisions at collider and cosmic ray energies.

In DPMJET–III first the system of parton chains (strings)
is constructed according to the model without the diquark
breaking diagrams. This system is then searched for con-
figurations of the type (i) as plotted on the left hand side
of Fig. 1 or type (ii) (not shown, see below), where the
left lower diquark is replaced by an antiquark. On the left
hand side in Fig. 1 we have a diquark–quark chain and a sea
quark–diquark chain with the (upper) diquark and seaquark
belonging to the same projectile hadron and also the (lower)
diquark and valence–quark belonging to the same target–
nucleon. Configuration (ii) is characterized by a diquark–
quark chain and a seaquark–anti–seaquark chain, with the
(upper) diquark and seaquark belonging to the same projec-
tile hadron and also the (lower) anti–seaquark and valence–
quark belonging to the same target–nucleon. The chain sys-
tem is transformed as shown on the right hand side of Fig. 1.
The projectile diquark is split and the two resulting quarks
come to the upper ends of both chains and the projectile
seaquark goes into the middle of the second chain and de-
termines the position where the baryon is produced. The sea
quarks in Fig. 1 might be Glauber sea quarks or unitary sea
quarks.

Besides the situations already discussed we consider also
the splitting of target diquarks as well as the splitting of anti–
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Fig. 1. Diquark breaking in an original diquark–quark and
seaquark–diquark chain system.

diquarks.
The diquark is split by sampling for one of the two re-

sulting valence quarks (randomly chosen) a normal valence
quark momentum fractionxv1 and giving to the second va-
lence quark the momentum fractionxv2 = xd − xv1, where
xd is the momentum fraction of the original diquark. For
each of the new diquark breaking diagrams (GSQBS and
USQBS) we have to introduce a new parameter. These pa-
rameters give the probability for the diquark breaking me-
chanisms to occur, given a suitable sea quark is available and
given that the diquark breaking mechanism is kinematically
allowed. For an original diquark–quark chain of small invari-
ant mass, which originally just fragments into two hadrons,
the diquark breaking is often not allowed. The optimum
values of the new parameters are determined by comparing
DPMJET–III with experimental data on net–baryon distribu-
tions. We obtain for the GSQBS parameters the value 0.6.
The parameter for the USQBS diagrams could be determined
from p–p collision data but no suitable data are available
presently, therefore, we use the same value as for the GSQBS
diagrams.

3 Comparison to data

Introducing the new baryon stopping mechanisms into DPM-
JET we get an significant modification of the model in dif-
ferent sectors: (i) The Feynman–x distributions of leading
protons in proton–proton and proton–nucleus collisions. The
leading particle production is especially important for the
cosmic ray cascade simulation. (ii) The net–p (p – p̄) and
net–Λ (Λ – Λ̄) rapidity distributions in hadron–nucleus and
nucleus–nucleus collisions. These are the data on the en-
hanced baryon stopping mentioned already above. (iii)p̄/p
andΛ̄/Λ ratios in the central region of heavy ion collisions.
(iv) The production of hyperons and anti–hyperons in nuclear
collisions. We present here examples for (i), (ii) and (iii).

3.1 xlab distributions of leading protons

In Fig. 2 we compare the distribution in the energy fraction
xlab carried by the leading proton. The data are photoproduc-
tion and DIS measurements from the HERA collider at

√
s ≈

200 GeV (Solano, 2000). The production of leading protons
in the proton fragmentation region is not expected to depend

strongly on the reaction channel. Therefore we can compare
theγ?-p data to DPMJET–III forp-p interactions. We present
the DPMJET–III distributions for the models with and with-
out the diquark breaking diagrams (labeled “No Sto” in the
plot). The models with and without the stopping diagrams
are consistent with the measurements. The new diagrams
modify the distributions mainly at intermediatexlab values
where no experimental data exist at present.
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Fig. 2. Energy fractionxlab carried by the leading proton. The
data are photoproduction and DIS measurements at

√
s ≈ 200 GeV

(Solano, 2000) compared to DPMJET–III with and without (No Sto)
the diquark breaking diagrams for p–p collisions at

√
s = 200 GeV.

3.2 Net–proton distributions in hadron–nucleus and nucleus–
nucleus collisions

In Fig. 3 we compare the net–proton distributions accord-
ing to the models with and without the diquark breaking dia-
grams with data in p–Au collisions (Alber et al., 1998). The
dip at central rapidity, which occurs in the model without the
baryon stopping diagrams is filled. The full model follows
the relatively flat distribution at central rapidities shown by
the data.

In Fig. 4 we compare the DPMJET–III model with and
without the diquark breaking diagrams with data on net–proton
production in central S–S collisions. Also here the signifi-
cant dip at central rapidity in the model without the new dia-
grams is much less pronounced in the full model, however,
the agreement to the data of Alber et al. (1998) is not perfect.

3.3 Antibaryon/baryon ratios in nucleus–nucleus collisions
at RHIC energies

So far all experimental evidence for enhanced baryon stop-
ping results from SPS–experiments at energiesElab=200 A-
GeV. For cosmic ray applications we have the important ques-
tion: is the enhanced baryon stopping an effect acting only
at relatively low energies or is it independent from the colli-
sion energy. First data from the RHIC accelerator for Au–Au
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Fig. 3. Net proton (p − p̄) rapidity distribution in p–Au collisions.
The DPMJET–III results with and without (No Sto) the diquark
breaking diagrams are compared with data (Alber et al., 1998).

collisions at
√
s= 130 A GeV are important to answer this

question.
Let us discuss RHIC–data on the average charged multi-

plicity Nch and the pseudorapidity plateau and preliminary
RHIC–data on antibaryon/baryon ratios.

We have to discuss the average charged multiplicityNch
and the pseudorapidity plateau in central Au–Au collisions
mainly in order to prove that conventional multistring mod-
els still work under the RHIC conditions. The first data on
the central pseudorapidity plateau at RHIC came from the
PHOBOS Collaboration (Bach et al., 2000) :dNch/dηη=0=
555±12(stat)±35(syst) for the 6% most central collisions.
The PHENIX Collaboration (Adcox et al., 2000) gave the
plateaudNch/dηη=0= 622 for the 1–5 % most central colli-
sions. Finally there is the preliminary result from PHOBOS
(Roland, 2001)Nch=4100± 410 for the 3% most central
collisions. DPMJET–III originally gave for central Au–Au
collisionsNch and the pseudorapidity plateau about 30 per-
cent higher than the RHIC measurements. Shadowing cor-
rections in dense nuclear matter are needed to correct the
model. At the moment we use a simple effective method to
obtain agreement with the RHIC measurements. The space
in this contribution does not allow a detailed comparison to
the RHIC data, we will discuss this comparison elsewhere.
We also plan to start more serious work on shadowing for
DPMJET-III.

Let us turn tōp/p andΛ̄/Λ ratios. Preliminary data for Au–
Au collisions at

√
s = 130 A GeV were first presented at the

Quark Matter Meeting 2001 by the BRAHMS Collaboration
(Bearden, 2001), the STAR Collaboration (Huang, 2001) and
the PHENIX Collaboration (Ohnishi, 2001). The particle ra-
tios are found to be nearly independent on the transverse mo-
mentum and on the centrality of the collision (only a slight
decrease of the ratios is found with the collision becoming
more central). In the central region (rapiditiesycms = 0–0.4)
and for central collisions thēp/p ratio is found in the exper-
iments to be 0.6 to 0.65. The STAR Collaboration gives for
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Fig. 4. Net proton (p − p̄) rapidity distribution in central S–S col-
lisions. The DPMJET–III results with and without (No Sto) the
diquark breaking diagrams are compared with data (Alber et al.,
1998).

the Λ̄/Λ ratio 0.72 for the 15 % most central collisions. In
DPMJET–III without the baryon stopping diagrams we find
for the 5 % most central collisions in the central rapydity re-
gion p̄/p=0.77–0.80 and̄Λ/Λ=0.92-0.94 forycms = 0− 0.4.
This is clearly outside the RHIC–data. If we switch on the
baryon stopping diagrams with the same parameters as de-
scribed above, the stopping increases the proton and Lambda
densities in the central region, the changes in the central an-
tiproton densities are rather unimportant, the changes in the
central anti–Lambda densities are more important than for
antiprotons but less important than for Lambdas. Conse-
quently thep̄/p andΛ̄/Λ ratios decrease. We find in the cen-
tral region in the model with baryon stoppinḡp/p=0.60–0.64
andΛ̄/Λ=0.64-0.70, the range of the ratios given corresponds
to calculations performed with some slightly different DPM-
JET parameters. This agrees rather well with the preliminary
RHIC–data.

We conclude from this agreement: the baryon stopping
acts also at higher energy, therefore, we are encouraged to
use the model with the baryon stopping diagrams also at cos-
mic ray energies.

4 Properties of the model at cosmic ray energies

The presence of the new baryon stopping diagrams modifies
also the extrapolation of multistring models to cosmic ray en-
ergies. The energy fractions carried by baryons decrease rel-
ative to those predicted by models without the new diagrams.
The energy fractions carried by mesons and the spectrum
weighted moments of mesons increase as compared to mod-
els without the new diagrams. In the following we present
model predictions for two important quantities calculated with
and without stopping diagrams. All plots are for p–p colli-
sions, the model behaves in a rather similar way also for p–air
collisions. We first discuss plots, where the baryon stopping



438

mechanism causes significant differences.
The cosmic ray spectrum–weighted moments are defined

as moments ofxlab distribution for the production of sec-
ondary particlesi in hadron–hadron and hadron–nucleus col-
lisions

Fi(xlab) = xlab
dNi
dxlab

(1)

as follows

fi =
∫ 1

0

(xlab)γ−1Fi(xlab)dxlab. (2)

Here−γ ' –1.7 is the power of the integral cosmic ray en-
ergy spectrum. The spectrum–weighted moments for nucleon–
air collisions, as discussed in Gaisser (1990), determine the
uncorrelated fluxes of energetic particles in the atmosphere.

We also introduce the energy fractionKi :

Ki =
∫ 1

0

Fi(xlab)dxlab (3)

As for xlab, the upper limit forK is 1 in hadron-hadron and
hadron–nucleus collisions.

In Fig. 5 we present the spectrum weighted moments for
charged pions in p–p collisions as function of the cms energy√
s.
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Fig. 5. Spectrum weighted moments for charged pion production in
p–p collisions as function of the cms energy

√
s.

In Fig. 6 we present again forpp collisions the energy frac-
tion K for net baryonsB − B̄ (baryon minus antibaryon).
The difference betweenKB−B̄ andKB is the energy frac-
tion going into antibaryonsKB̄ which is equal to the energy
fraction carried by the baryons which are newly produced in
baryon–antibaryon pairs.

There are also observables where the difference between
the two versions of the model are rather insignificant. Exam-
ples are the average transverse momentum of charged hadrons
as function of the energy and the average charged multiplic-
ity < nch > as function of the collision energy.
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Fig. 6. Laboratory energy fractions for net baryons (baryon minus
antibaryon)B − B̄ production in p–p collisions as function of the
cms energy

√
s.
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