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The Monte Carlo parton string model for multiparticle production in hadron-hadron, hadron-
nucleus, and nucleus-nucleus collisions at high energies is described. An adequate choice of the
parameters in the model gives the possibility of recovering the main results of the dual parton
model, with the advantage of treating both hadron and nuclear interactions on the same footing,
reducing them to interactions between partons. Also the possibility of considering both soft and hard
parton interactions is introduced. Comparison to the available experimental data on nucleon and
nuclear collisions, together with predictions for mean multiplicities, net baryon rapidity distributions,
and the temporal evolution of meson densities for heavy ion collisions at the CERN Super Proton
Synchrotron (1944 GeV) and the BNL Relativistic Heavy Ion Collider (200A GeV) are presented.
Furthermore, predictions for charm production at these energies are given.

I. INTRODUCTION

The search for the quark-gluon plasma (QGP) is the
goal of the experimental heavy-ion program [1]. Never-
theless, no conclusive evidence of the existence of such
a deconfined state of matter arises from the data com-
ing from Brookhaven [Alternating Gradient Synchrotron
(AGS)] and CERN [Super Proton Synchrotron (SPS)].
Models containing no QGP formation, like those based
on the production of color strings which decay indepen-
dently into the observed hadrons, are able to describe the
bulk of the data [2-6]. Up to now the data are limited
to relatively light projectiles and energies in the range
Ey.p = (10-200)A GeV. Massive ion beams, whose col-
lisions are expected to lead to the creation of extremely
dense hadronic matter, will be available up to collider
energies E. ., = 1004 GeV at Brookhaven [Relativistic
Heavy Ion Collider (RHIC)] and E. ., = 30004 GeV at
CERN [Large Hadron Collider (LHC)]. With increasing
energy a change in the hadron production mechanism is
expected. At lower energies hadrons are produced essen-
tially in soft collisions with small transferred momenta; at
collider energies the so-called semihard processes [which
can be calculated using perturbative quantum chromo-
dynamics (PQCD) [7]] will dominate.

The string models quoted above are essentially hadron-
based models. In these models the nuclear interactions
are reduced to hadron interactions. Quark and gluon de-
grees of freedom are used only to compute particle pro-
duction at the hadronic stage. In hadron cascade mod-
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els [3,6] the interaction with the nuclear target is real-
ized by successive interactions with separate nucleons.
Other models treat nuclear interactions as “simultane-
ous” interactions with different nucleons in the target
[2,4,5]. For both approaches to be valid the density of the
hadronic matter has to be low to be able to distinguish
between interactions with two different nucleons. Also,
in this manner one can study the evolution of the collid-
ing system only at a size scale larger than the hadronic
one.

In view of the high hadronic density which is going to
be achieved in heavy-ion collisions in new experiments,
this hadron-based approach seems unsatisfactory. The
correct way to study nuclear collisions at high hadronic
density is evidently to employ the parton picture from
the start and so to treat the nucleus as a “big hadron,”
on equal footing with the nucleon. The present model
for nucleus collisions is set up to achieve this goal: the
so-called loop diagrams and groups of overlapping nucle-
ons which appear in the full Glauber model (see, for ex-
ample, Ref. [8]) and grow in importance with increasing
hadronic densities are naturally taken into account in our
approach, while in the models quoted above they are ne-
glected or considered only in some crude approximations.
Nevertheless, as discussed in Ref. [8], the observable in-
fluence of these configurations is subtle, inducing, for ex-
ample, no change in the multiplicity. Some effect could
be seen on observables sensitive to the nuclear edge, such
as nuclear diffraction (for a discussion on the influence of
the breakdown of the factorization hypothesis in Glauber
and string fusion on diffraction in hadron-nucleus colli-
sions see Ref. [9]).

The main novel feature of our model is the way we
describe the colliding nuclei. We treat them in the same
way as hadrons are treated in current models: the nucleus
is considered to be a superposition of partons (quarks, an-
tiquarks, diquarks, and gluons) with a variable number
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and a distribution which is a convolution of the parton
distribution in the nucleon and the nucleon distribution
in the nucleus. The nuclear collision is then a superpo-
sition of partonic collisions. Particle production in these
latter is described by color string formation and decay,
more or less in the same manner as in the dual parton
model (DPM) [10].

The analytical quark-gluon string model (QGSM) [11]
reproduces satisfactorily the cross sections and spectra
of charmed particles produced in nucleon and nuclear
collisions (see Refs. [12,13]). A more common approach
is to consider heavy flavor production in the framework
of the PQCD (see, for example, Ref. [14]). However,
this approach also requires a nonperturbative input for
the hadronic and nuclear structure functions. The color
string picture combines the nonperturbative and pertur-
bative aspects of the heavy flavor production into the for-
mation of strings and their decay into high mass states.
It may then be considered as a dynamical alternative to
the PQCD plus given structure functions. Predictions of
the QGSM and PQCD (with absorptive corrections) are
shown to coincide through a large energy range [13], al-
though there are some differences already in hh collisions:
for example, the zp spectrum of A.’s in pp collisions
at /s = 62 GeV is correctly described by the QGSM,
while PQCD (without additional mechanisms like intrin-
sic charm) shows a behavior opposite to the experimen-
tal data [15]. In our model the QGSM-like description
of heavy flavor production allows us to obtain a unified
picture of production of particles of all flavors with a min-
imal number of assumptions (and parameters); in addi-
tion, the extension of charm calculations to the case of
hA and AB collisions is made just in the same way as for
light flavor production, i.e., without new assumptions,
while in PQCD some hypothesis about the nuclear shad-
owing of the structure functions (whose influence arises
mainly at large ) is needed.

This paper is organized as follows. In the next section,
the Monte Carlo parton string model in described (a first
description of this numerical model can be found in Ref.
[16], where the influence of string interaction on multiple
production was studied). In Sec. III, comparison to ex-
perimental data for hadron and nucleus collisions at SPS
and SppS energies is presented, together with a compar-
ison to charm data in pp collisions at E. ,, = 27 GeV.
In Sec. IV we distinguish between soft and hard par-
ton interactions, as required by the data: In addition to
soft parton collisions, in which the transferred momenta
are neglected, hard perturbative parton-parton collisions
and parton bremsstrahlung are introduced. In Sec. V
predictions for mean multiplicities of light and charmed
hadrons, for the nuclear stopping power, and for the evo-
lution of the colliding system in heavy-ion collisions are
presented. Finally in Sec. VI our conclusions are given.

II. MODEL DESCRIPTION

The main components of our model are as follows.
(i) The main new feature of the model, as stated in
the Introduction, is the way we describe nuclear colli-

sions. For these we construct the nuclear parton wave
function as a convolution of parton distributions of indi-
vidual nucleons with the distribution of nucleons inside
the nucleus. The position of each nucleon is taken to be
described by the Woods-Saxon density

p(r) = po/{1 + exp|[(r —ro)/a]}, (1)
with
ro = 1.194Y% 4+ 1.6147Y3 fm, a=0.54 fm.  (2)

To take the Fermi motion of nucleons into account we
generate a Fermi momentum p for each nucleon uniformly
distributed in the range 0 < p < pp, where pp is the
maximum Fermi nucleon momentum,

pr = (37%)/2hp'/3(r), ®3)

with h = 0.197 fm GeV/c. An isotropical angular distri-
bution is assumed in both the coordinate and momentum
spaces.

(ii) As to the parton distribution for individual nucle-
ons, this is taken to be the same as for NN collisions.
In particular, the distribution in the number of partons
of a given flavor F' in a nucleon, which is directly con-
nected with the value of the multi-Pomeron vertices in
the Reggeon theory [17], is taken to be Poissonian:

wy = Cr exp[—g(s)lg™ (s) /N, (4)

corresponding to the eikonal picture, >, Cr = 1. The
mean number of partons in each nucleon, g(s) = gos®, is
a function of the center of mass energy /s. We use go =
3.0 and A = 0.09. The ratio of sea strange quarks to sea
up and down quarks is 0.3:1:1 as in string fragmentation.
No sea charmed quarks have been introduced.

The parton distribution in impact parameter (relative
to the center of the corresponding nucleon) is taken to
be Gaussian, in accordance with the Pomeron picture of
strong interactions:

F(b,) = (4mA) "  exp(~b2/4)), (5)

with the radius depending on the initial nucleon energy.
For a projectile or target nucleon, A = R? + o'In /5,
where o’ = 0.01 fm? and R2? = 0.15 fm%. So a Gaussian
form is also taken for the p; distribution of partons:

f(P?)pedp: ~ exp(—bp})p.dpy, (6)

with b =4 GeV~2.

The nucleon structure function in z4 = p4+/P+ (p+
the momenta of the partons and P, the momentum of
the nucleon they belong to) is assumed factorized, except
for energy-momentum conservation:

N N
u(z1,Z2,...,ZN) =06 (1 — Zzl) Hu,(m,) (7)

For the single parton distributions u;(z), the ones ob-
tained from the Regge theory are used [11]:



364 N. S. AMELIN et al. 52

0.5 1.5

Uy (T) = Us(x) X 777, Uyy(x) x 22, (8)
except for gluons and strange sea quarks, for which
us(x) ox 1/x is used. v, s, and vv refer to valence and sea
quarks and diquarks, respectively. In all cases, a cutoff
in (£ > Tmin = M¢/ P4, my being the transverse mass
of the parton) is employed. This will ensure that the
strings have mass enough to be projected onto a hadron
with the adequate flavor content.

(iii) A hadron or nucleus collision is assumed to be
the interaction between partons from the projectile and
target. A parton from the projectile can interact with
one from the target if they lie in impact parameter space
within an area determined by the parton-parton cross
section, which has been assumed energy independent,
op = 3.5 mb. In this way the number of inelastic col-
lisions is determined and the inelastic cross section is
calculated (an elastic event is one with no partons close
enough in impact parameter space).

As in the standard dual parton model [10,11], we as-
sume that each parton interaction creates a color string
which subsequently decays into hadrons. Since both the
projectile and target nucleon should remain colorless,
color strings should be created in pairs. Each pair of color
strings corresponds to the cut Pomeron of the Reggeon
theory. Only quarks (and diquarks) are assumed to pro-
duce strings. Gluons are effectively taken into account
as ¢q pairs (in the spirit of the large . expansion of
QCD, which lies at the basis of the DPM). Neither mul-
tiple interactions of the same parton nor diagrams with
an odd number of strings are taken into account (these
contributions die out at high energies).

The quality of the choice of the parton distributions
and the cross section o}, is demonstrated in Fig. 1, where
the inelastic NIV cross sections are compared to experi-
mental data. Figure 2 shows the dependence of the av-
erage number of parton collisions (N? ) on the impact
parameter b, in pp interactions at SPS, RHIC, and LHC
energies. In central collisions (here and further on, a cen-
tral collision means b = 0), this value changes from 2 at
19.4 GeV to 8 at 6300 GeV. The distribution in the num-
ber of interacting nucleons from the projectile nucleus is
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FIG. 1. Nucleon inelastic cross sections as a function of
energy. Black circles are the result of the calculation, open
symbols are the experimental data.
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FIG. 2. Predictions of the model for the mean number
of parton-parton collisions as a function of the impact pa-
rameter, in pp interactions, at (from the bottom to the top)
E..m. = 19.4, 200, 1800, and 6300 GeV.

presented in Fig. 3, for O-Au collisions at 2004 GeV,
in comparison with the predictions of the VENUS model
[4] (which correspond to the Glauber model). They look
quite similar. The distribution in the number of inter-
acting partons is also shown in this figure.

(iv) The produced strings decay into hadrons. The
approaches most commonly used to describe the string
decay are the Artru-Mennessier model [18], the Field-
Feynman algorithm [19], and the most popular one, the
Lund fragmentation model [20,21]. All of them treat the
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FIG. 3. (a) Calculated distribution (open circles) of the
number of participating projectile nucleons, compared to the
VENUS model [4] predictions (black circles). (b) Distribution
in the number of parton-parton collisions. Both figures are
for OAu collisions at 200A GeV.
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string decay through the creation of quark-antiquark or
diquark-antidiquark pairs with transverse masses. In all
models, the parameters are extracted from the compari-
son to ete™ and IN data. In this sense, they give equal
results for hadron collisions.

In our case, the modeling of the decay of a string with a
given mass, momentum, and quark content is carried out
by the Field-Feynman algorithm [19]. The flavor content
at each string breakup is determined using a strangeness
suppression parameter y;; = 0.3 and a ratio of diquark-
antidiquark pair production to quark-antiquark one equal
to Pyg5q:Pqg = v = 0.09. Charmed quarks ap-
pear at this stage. The spin of the produced parti-
cles is introduced in the usual way [20,21]. At a string
breakup the ¢ pair has zero total transverse momen-
tum, the momenta of the quark p; and the correspond-
ing antiquark—p; being distributed according to Eq. (6),
with b = 8.2 (GeV/c)~2. The transverse momentum
of a produced hadron is the sum of the transverse mo-
menta of its quarks, and its longitudinal momentum
p? and energy E" are determined through the variable
z = (E"+p?)/(E1+p2) (E? being the energy and p? the
longitudinal momentum of the fragmenting quark), with
the following distribution:

fi(z) ~ (1= 2)% @, (9)
At z — 1, this function coincides with the fragmentation
function D!(z) of the leading quark (antiquark) or di-
quark (antidiquark) into a hadron. o (p;) depends on the
flavor of the constituent quark and on the type of hadron
it is transformed into and its momentum. It can be re-
lated to the Regge trajectory of the particle exchanged
[11]. For example, if there is a & quark at the end of a
string and a D° is produced at this end, a c¢ pair has to
be created, so that the exponent o (p) is related to the
Regge trajectory of the ¢ family; in this way we obtain
a D° and a shorter string with a & quark at the corre-
sponding end.

The requirement that the fragmentation function
D!(z) = 1/z, for z — 0, is ensured by iterating string
breakups. If the mass of a string, M,, is less than
M, = Mrp + AM, where AM = 0.35 GeV and My is
the mass of the resonance with the same quark com-
position as the string, the last break is generated. Its
kinematics is determined by the isotropy of the emission
of two hadrons. The newly produced resonances are as-
sumed unpolarized, and hence they decay isotropically,
for which the experimentally known branching ratios are
used.

III. COMPARISON TO EXPERIMENTAL DATA
A. The data at E.,, = 19.44 GeV

In Figs. 4 and 5, the results of the model for proton-
proton, proton-nucleus, and nucleus-nucleus collisions at
E.m = 194A GeV (CERN SPS) are compared with
experimental data. From Fig. 4 we conclude that the
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FIG. 4. (a) Rapidity and (b) multiplicity distributions of
negative particles in pp (circles), pAr (triangles), and pXe
(diamonds) collisions. The open points are experimental data
[22]; the black ones are model predictions.

model reproduces successfully the experimental rapidity
and multiplicity distributions for negative particles. It
also describes satisfactorily the strange hadron produc-
tion in pp and pA collisions [16], except the shape of
the rapidity distribution of A’s measured by the NA35
Collaboration [23]. However, the model does not predict
any low p; enhancement, which is visible in the NA35 ex-
periment for central SS collisions, and more pronounced
for heavier colliding systems [24]. As was demonstrated
earlier [16], our model (without additional mechanisms)
fails to reproduce the mean number of strange baryons
and their rapidity distributions in central SS collisions.

Proton transverse momentum distributions in nuclear
collisions (shown in Fig. 5) are very sensitive to the
chosen primordial quark momenta and can be fitted by
changing some parameters. Since nuclear cascading of
secondaries is not taken into account, our model is not
able to reproduce positive particle (proton) rapidity dis-
tributions in the nucleus fragmentation region. It is
known [3,6] that secondary cascading can improve the
description of the proton rapidity distributions. It also
changes essentially transverse momentum distributions,
particularly the low momentum pion distribution, as a
result of creation and decay of A resonances. In addi-
tion, it can enhance strangeness production on nuclear
targets due to resonance-nucleon interactions.

B. Charm production

In our Monte Carlo approach the fragmentation func-
tions shown in Eq. (9), taken from Ref. [11], are used.

TABLE I. Model prediction for charmed meson production
in pp interactions at FE..,. = 27.4 GeV, compared to experi-
mental data [25].

Expt. Mod.
cross section cross section Mean
Meson (ub) (ub) multiplicity
D¥ 5.7£1.0 10.35 0.000 35
D~ 6.2+1.0 12.48 0.00041
D° 10.5£1.7 10.35 0.000 34
D° 7.9+1.5 19.17 0.00063
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The exponent aZ (p¢) is eventually determined [11] by the
intercept of the Regge trajectory ay, for the ¥ family, not
well known. Our choice is oy = —2.2. A suppression
parameter for production of charmed quark pairs (as for
strange quark pairs) in string fragmentation is used: from
comparison to the experimental data [25], v.z = 0.0025.
Cross sections for different charmed particles are com-
pared with the experimental data in Table I, for 100 000
simulated events. This statistics is too small to extract z
distributions for different particles, but enough to show
the prediction of the model for all D mesons (Fig. 6).

C. The data at E. ., — 2004 GeV

In Table IT we compare the mean numbers of particles
produced to the experimental data for pp collisions at
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FIG. 6. Inclusive = spectrum of all D mesons produced in
pp interactions at F¢ . = 27.4 GeV. Black circles are model
predictions; triangles with errors bars are data taken from
Ref. [25].

E. ... = 200A GeV. The production of strange particles
and antibaryons is fully determined by the fragmenta-
tion parameters: the strangeness and baryon-antibaryon
suppression factors described in Sec. II. In Fig. 7, some
experimental data are plotted together with the model
predictions. With the exception of the low multiplicity
event underestimation, the model reproduces well the ex-
perimental data. The reason for this discrepancy might
be connected with the fragmentation procedure, or with
the necessity of including some additional mechanism,
like diffraction.

IV. INCLUSION OF HARD PARTON
SCATTERING

So far, only soft interactions between partons have
been considered: no momentum, only color charge, can
be transferred during each parton collision. The picture

TABLE II. Experimental data [26] and model predictions
on the average number of given particles, in pp interactions
at Ec.m. = 200 GeV.

Hadron multiplicity Expt. Model
nen(—3.5 < 1 < 3.5) 17.6+ 0.2 16.95
nyo(—3.5 <y < 3.5) 0.71-0.08 0.78
ng+(—3.5 <n < 3.5) 1.154+0.13 1.50
Nptn(—0.5 < y < 0.5) 0.07+0.03 0.12
npis(—3.5 <1 < 3.5) 0.6 +0.3 0.55
Naritzopso(—2.0 <y < 2.0) 0.26+0.08 0.25
Natit+zo4so(—3.5 <7 < 3.5) 0.314+0.09 0.29
Nyt 5t (—3.5 < 7 < 3.5) 0.16+0.06 0.096
ng-,z-(—3.0 < y < 3.0) 0.03+0.03 0.028
nE—+g_(—3.5 <n<3.5) 0.03%+0.03 0.024
no+(—3.5 <y < 3.5) 15.94 0.4 15.27
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FIG. 7. (a) Multiplicity distributions for charged particles
in different pseudorapidity intervals [from the bottom to the
top, |n| < 0.5 (x10%), |p| < 1.5 (x1072), |p| < 3.0 (x1071)
and full phase space] and (b) semi-inclusive pseudorapidity
distributions for different multiplicity bins (2 < n < 10,
12<n<20,22<n<3032<n < 40,42 < n < 50,
and 52 < n) in nonsingle diffractive pp events at Ec.m. = 200
GeV, together with experimental data [27,28]. Full lines are
model predictions; black symbols are experimental data.

of the interaction is an even number of longitudinal color
strings, spanned between color triplet quarks or diquarks,
moving into opposite directions in the string rest frame.
In fact, quarks carry all energy-momentum and no gluons
appear explicitly in the model. Anyway, gluons are im-
plicit in the fragmentation mechanism [20] and are effec-
tively present as sea quark-antiquark pairs, as explained
in Sec. IIL

At SPS energy the soft mechanism is enough to satis-
factorily reproduce the data, but with increasing energy
the hard component (parton collisions with high trans-
ferred momenta) grows in importance. This component
is supposed to be the dominant one at LHC energies. The
need of including hard parton scattering is demonstrated
in Fig. 8. At E. . = 200 GeV, the model is not able
to describe the transverse momentum distribution in the

whole p; region; agreement exists only for p, < 1.5-2
GeV/e.

Up to now, a unified treatment of both soft and hard
components of high energy hadronic interactions does
not exist. The final states obtained in hard processes
can be described in term of strings spanned between the
quarks, where gluons are treated as internal kink ex-
citations on strings [30]. Hard perturbative processes
lead to kinky string states, while soft processes lead to
longitudinal strings. There are different phenomenolog-
ical approaches, which try to combine soft and hard
parton interactions. In the Regge theory language, it
means the combination of exchanges of “soft” and “hard”
Pomerons. The most popular is the eikonal approach
[31-34], in which the probability to have a hard parton
interaction (a “hard” cut Pomeron) is obtained from the
jet production cross section, by using an eikonal unita-
rization procedure.

In the simulations presented in this section, we assume
that each parton-parton collision can be a hard one with
probability w(s), which is a function of the initial hadron
energy +/s. A soft collision is treated in the way described
in Sec. II. A hard collision goes through a gluon-gluon
(99 — gg) hard scattering, using the PYTHIA program
[21] to simulate it. Since the parton cross sections diverge
for p; — 0, a cutoff p® = 2.3 GeV/c is introduced.
The EHLQ set 1 structure functions [35], inserted in the
PYTHIA program as a default parameter, are used in these
calculations. In the case of several n hard collisions for
gluons belonging to the same hadron, the joint structure
function should be used; here, each collision is considered
independent, except for > .., ; ~ 1; the same is true
in the case of both soft and hard collisions, using the
structure functions of Eq. (8) for the soft partons and
the EHLQ structure functions for the hard ones.

Some comparison to experimental data can be seen in
Fig. 9. To calculate the distributions shown in this fig-
ure, we used w(s) = 1 — exp[—0.025(s — 376.4)°-°3]. The
gluon radiation associated with the hard scattering (glu-
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FIG. 9. (a) Pseudorapidity
distributions and (b) invari-
ant inclusive cross sections of
charged particles in pp colli-

1 sions at (from the bottom to
the top) Fcm. = 200 and
3 1800 GeV. Black points are

model predictions; open points
are data [28,29]. Both the
calculations and experimental
data [29] in the invariant in-
clusive cross sections are ob-
tained in the pseudorapidity re-
gion || < 2.5 and |p| < 1 at
E..m. = 200 and 1800 GeV, re-
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ons or string ends act as sources of dipole radiation) was
simulated by the ARIADNE code [36]. The Lund string
fragmentation model [21,37] was applied to simulate the
decay of the kinky strings. The default parameters of
these programs were used during the simulations.

This is the simplest, straightforward extension of our
model to include the hard component. With this choice
of the probability w(s) and the introduced p® the in-
creasing minijet content with rising energy can be repro-
duced without changing the inelastic cross section. This
is so because this cross section is basically controlled by
the Pomeron intercept (which is no longer “soft,” but an
effective one, containing contributions from both the soft
and hard components). An increase of p;“i" with energy,
such as the one proposed in Ref. [38], could be used if we
conveniently redefine w(s).

10 spectively.

p: (GeV/c)

It follows from our calculations that it is possible to
predict the shape of the pseudorapidity distributions and
the increase of the central pseudorapidity density with
energy for both versions of the model: the pure “soft”
version, in which neither hard gluon scattering nor gluon
radiation are included, and the “hard-+soft” version, with
both effects included. But only the latter gives reason-
able predictions for p; distributions.

V. MODEL PREDICTIONS FOR HEAVY ION
BEAMS

In this section, some predictions for heavy-ion colli-
sions at energies E. , = 19.4A GeV and E_.,, = 2004
GeV are presented. So far all calculations discussed be-
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low have been done without hard gluon scattering and
gluon radiation.

A. Light flavor particle production

Charged and negative particle rapidity distributions
are shown in Fig. 10 for pp, pAu, AuAu, and central
AuAu collisions. The values of the maximum of the
charged rapidity density are ~ 800 and ~ 1600 at SPS
and RHIC energies, respectively, for central AuAu colli-
sions. This is more or less close to existing calculations
[13].

Negative particle multiplicity distributions are pre-
sented in Fig. 11 (integrated over the whole rapidity
space). The production of about 1000 particles in central
AuAu collisions, as well as the narrowness of the multi-
plicity distribution, point out the possibility to make a
one-per-one event experimental analysis.

Some other event characteristics are presented in Ta-
bles III(a) and ITI(b). Our model does not take into ac-
count nucleon elastic scattering nor diffraction dissocia-
tion nor secondary rescatterings of the produced hadrons
in the nuclear medium. Therefore the number of nucleons
should be strongly underestimated.

Two factors are essential to produce strange hadrons,
baryon-antibaryon pairs, and charmed hadrons: suppres-
sion parameters for the string decay, and string masses.
String masses depend on the structure functions, on the
z cuts, on the initial energy, and on the size of the collid-
ing system. In central AuAu collisions at E. ,, = 19.44
GeV, the initial energy is shared among about 1000
strings. This leads to a kinematical suppression of heavy
hadrons. The influence of this kinematical factor is much
less at RHIC energy, as can be seen in Tables III(a) and

TABLE III. (a). Number of events (Nevt), particle produc-
tion cross sections (0proa), and mean multiplicities of charged
particles (nch), negative particles (nneg), charged pions (n,+ ),
charged kaons (ngz+), protons (np), neutrons (n,), antipro-
tons (nj), and lambdas (n,), and the difference between the
initial nucleon rapidity and the position of the maxima in ra-
pidity net proton distributions (Yo — Ymax), in pp, pAu, AuAu,
and central AuAu collisions at Ec.m. = 19.44 GeV. (b) The
same as (a), at Ec.m. = 2004 GeV.

Reaction PP pAu AuAu AuAu,
(a)
Nevt 40000 14000 2000 200
Oproa (mb) 28.58 1642.7 6573.2

Nch 8.75 17.35 535.66 2263.3
Tneg 3.26 7.84 252.2 1066.4
Nyt 6.67 14.34 454.1 1923.1
Mg+ 0.63 1.16 39.02 168.35
np 1.26 1.67 38.50 156.46
Nn 0.69 1.68 45.74 180.02

np 0.058 0.084 1.740 6.860

na 0.157 0.247 5.544 21.64

Y0 — Ymax 0.92 2.32 1.74

(b)
Nevs 20000 7000 1000 100
Oproa (mb) 43.56 1776.8 6810.9

Nch 19.62 53.11 1719.7 7575.7
Tneg 8.83 25.66 843.40 3717.3
Nyt 15.65 44.82 1470.7 6492.5
N+ 2.00 4.61 153.83 678.84
np 1.54 2.45 58.99 247.25
Nn 0.93 2.62 66.57 271.38
np 0.331 0.691 20.99 91.840

nA 0.340 0.714 18.21 74.89

Yo — Ymax 1.18 2.78 2.08
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III(b). The model fails to reproduce the enhancement
of strange baryons in central nucleus-nucleus collisions
observed in the NA35 experiment [23]. For this reason,
the predictions for strange baryon production in central
heavy-ion collisions should be much lower than the ex-
perimental data.

It should be stressed that in our model, as in most
string models, the produced strings do not interact and
decay independently. Introduction of some collective ef-
fects, like string fusion [16], can change the predictions es-
sentially, especially for rapidity plateau heights and high
multiplicity distribution tails. Also the A enhancement
experimentally seen in central SS and SAg collisions at
VSnn = 19.4 GeV can be described [39].

B. Charmed particle production

As shown in Sec. IIIB, the model gives reasonable
agreement with the existing data on charm production in
pp collisions at E. ,, = 27.4 GeV. Production of charmed
hadrons in ultrarelativistic heavy-ion collisions offers the
opportunity to study different aspects of nuclear reac-
tions, such as the thermalization time [40], multicharmed
baryon production in the presence of QGP [41], etc. Pre-
dictions on charm production on nuclear targets are given
in Table IV. At E.,, = 200A GeV the model predicts
~ 3 charmed particles in each central event, and the cen-
tral rapidity density of charmed particles can reach ~ 0.7.
This large amount of charmed particles can open interest-
ing perspectives for the creation of high energy neutrino
beams [42], particularly for the yet unobserved v,.

C. Nuclear stopping power

In Tables III(a) and III(b) predictions for the relative
position of the maxima of the net proton rapidity distri-
butions are presented to illustrate the so-called nuclear
stopping power. The rapidity shift is determined by how
the total nucleon momentum is divided among partons
sitting on the ends of the strings, i.e., by the quark and
diquark structure functions and by their number. In
our case the number of partons increases with the ini-
tial energy. But the rapidity shift is weakly dependent
on energy for a given parton number, since the structure
function is a product of (1/4/z)’s. With a different sea

TABLE IV. Mean multiplicities of all charmed hadrons
(Pcharm), D/D mesons (np,p), and maximum rapidity den-
sities of all charmed particles and D/D mesons, in pp, pAu,
AuAu, and central AuAu collisions at E.,,. = 2004 GeV.
The number of simulated events is shown in Table ITI(b).

Reaction PP pAu AuAu AuAu.
Tlcharm 0.0116 0.0252 0.69 2.96
dNncharm/dy 0.0025 0.0049 0.20 0.7
np,D 0.0072 0.0167 0.502 2.06
dnp/p/dy 0.0016 0.0037 0.15 0.50

quark structure function, say 1/ as in the DPM [10], the
rapidity shift decreases with energy, due to the z cut in-
troduced [43]. The rapidity shift is also dependent on the
fragmentation function of a diquark to produce a proton.
As follows from our calculations, the rapidity shift per
soft parton-parton collision is approximately 0.40-0.45
(no secondary parton or hardon rescattering is included
in the model).

D. Meson density evolution

To obtain information about the evolution of the col-
liding system we use the simple idea of Ref. [44]. In the
Lund model [20] the time ¢; and coordinate z; of the
hadron i, produced in the string decay, are defined by

1—1 )
ti=(1/2k) | M, =2 ps; | + Ei — pa,, (10)
i=1
i—1 )
z = (1/25) |M, —2)_E;| +p., — Ei, (11)
=1 ]
in the string center of mass. Here index i = 1,2,... or-

ders the string breakup points, M, is the string mass,
K ~ 1 GeV/fm is the string tension, and p,, and E;
are the hadron longitudinal momentum and energy, re-
spectively. Quarks are assumed to be massless. To find
the hadron time and coordinate in the observer frame,
Lorentz boosts and rotations are performed. If interac-
tions of hadrons after their production through string
decay are neglected, the time evolution of particle and
energy density can be calculated, since the time, coordi-
nates, and momenta of the produced hadrons are known.
The predictions are very limited by the absence of infor-
mation about longitudinal coordinates and time of the
string formation points. They are assumed to be equal
to zero. This is not a realistic assumption, because the
low momentum initial partons, whose interaction leads
to string formation, should be smeared in longitudinal
length; however, it gives the possibility to clearly see a
finite hadron production time, presented in Fig. 12 for
mesons. In our model mesons are produced only after
0.5-1 fm/c. Since the hadron formation time in this Lund
definition [20] is proportional to the transverse hadron
mass, baryons are produced later than mesons, after ~ 2
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FIG. 12. Space-time picture of meson formation in central

AuAu collisions at (a) Ec.m. = 19.4A GeV and (b) 2004 GeV.



fm/c. It is a long time as compared with the tempo-
ral evolution extracted from models based on only hard
parton scatterings. In particular, at RHIC energy in the
hard parton collision model of Ref. [45], after 2 fm/c an
equilibrated parton gas can already be established.

To estimate local meson density as a function of time
in the center of mass of the colliding nuclei we choose a
box with size L, = 2 fm, L, = 15.0 fm, and L, = 24 fm.
Space grids are also introduced: Az = 2 fm, Ay = 2.5
fm, Az = 1 fm. Evolution of meson particle densities
is shown in Fig. 13, starting from 3 fm/c (when the
maximum density is approximately reached). At both
energies the model predicts approximately equal maxima:
~ 3-3.5 mesons per fm3, which can be reached after time
tem. ~ 3 fm/c, but at RHIC energy the meson density
decreases much more slowly than at SPS energy. After
reaching the maxima meson densities fall to ~ 1 meson
per fm3 for ~ 3 fm/c at SPS energy and for ~ 6 fm/c at
RHIC energy.

At ultrarelativistic (especially at RHIC) energies,
where the produced mesons are concentrated along the
light cones, a more suitable evolution parameter is the
proper time 7 = 4/t2  — 22, where t..m. and zc.m. are
the center of mass time and longitudinal coordinate of
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the produced hadron. Using Bjorken’s formula [46] for
the meson density,

Pm = (1/TAtrans)dN/dna (12)
where Ai;ans is the Au transverse area, IV is the number
of mesons produced, and 7 is the space-time meson ra-
pidity, we can calculate the 7 evolution of the meson (and
also energy) density of specifying the transverse mass
my =~ 0.5 GeV. The calculated meson density evolution at
both energies looks similar. It reaches a sharp maximum:
~ 3.7 mesons per fm3 at 7 ~ 2.0 fm/c and ~ 4 mesons
per fm3 at 7 ~ 2.5 fm/c, at SPS and RHIC, respectively.
After the maxima, the meson densities decrease quickly,
following a longitudinal (1/7) expansion.

The existence during 5-7 fm/c of a very dense meson
matter is an interesting phenomenon that might deserve
intensive studies.

VI. CONCLUSIONS

The Monte Carlo parton string model which is in-
tended for simulation of multiparticle production in NN,
NA, and AA collisions at high energies is described.
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FIG. 13. Meson density evolution in central AuAu collisions. (a), (b), and (c) correspond to Ec.m. = 19.44 GeV, and have
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Comparison to some available experimental data shows
that the model works reasonably well and can be useful
to study heavy-ion collisions, as a first approximation.

To make a qualitative analysis we have calculated the
mean numbers of both light flavor and charmed hadrons
produced in pp, pA, and minimum bias and central AuAu
collisions at energies F. ., = 19.44 and 2004 GeV. At
both energies and for the mentioned colliding systems ra-
pidity distributions for charged, negative, and charmed
hadrons, negative particle multiplicity distributions, net
proton rapidity distributions, and meson density evolu-
tion have been presented.

We should stress that our simplified model cannot pre-
tend to produce detailed quantitative predictions. First,
no hadronic final state rescatterings have been included,
which should be important for a more detailed descrip-
tion of nuclear collisions. As we have seen, the meson
density can reach ten times the normal nuclear den-
sity, so that hadron interactions might be crucial for
a correct hadron gas evolution, approaching mechani-
cal and/or chemical equilibrium, and change significantly
the hadron momentum distributions or the hadron con-
tent. Second, an independent string formation and decay
picture has been used as a basis for particle production.
With the number of strings growing as energy and atomic
number of the colliding particles get larger, one should
expect interaction between the strings and their fusion.
Some attempts to include this phenomenon have been
published in Ref. [16].

An attempt to include hard perturbative parton scat-
tering and gluon radiation has been made. Hard parton
scattering is essential to reproduce the transverse mo-
mentum distributions for p; > 2 GeV/e, and its effect
increases with energy. It also has a time scale different
from the one in soft interactions (hard interactions could
happen at an earlier stage of the reaction, changing the

evolution of the colliding system).

In the literature some studies of multiple particle pro-
duction at high energies have been published similar to
our approach (a DPM Monte Carlo model [32], and an
analytical approach [13]). In Ref. [32] predictions are
given for the rapidity and transverse momentum distribu-
tions and the minijet component of the hadronic energy
density for energies up to E. , = 63004 GeV. In Ref.
[13] the multiplicities and the spectra of various produced
particles (including charm) are studied at E. ,, = 2004
GeV.

These models as well as our model are able to repro-
duce satisfactorily most of the existing experimental data
on nucleus-nucleus collisions. Nevertheless, hadronic
densities obtained in present experiments are not so high
as to be sensitive to the novel manner of describing the
nucleus in terms of partons, employed in our model. We
expect that in future experiments, at RHIC or LHC ener-
gies, with nuclear densities substantially higher, our ap-
proach will be more satisfactory than those quoted above
(only valid at low hadronic densities). Another advantage
of treating hadronic and nuclear interactions in a simi-
lar manner is the easy way in which interaction between
the color strings can be introduced (as in Ref. [16]). In
addition, charm production is included in the fragmenta-
tion scheme, which is not very common in other Monte
Carlo fragmentation procedures. As for concrete results,
our predictions are consistent with those of Refs. [32,13],
except for some specific observables: e.g., we predict 5-7
times more charmed D/D mesons in AuAu collisions at
RHIC energy than in Ref. [13].
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