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We consider the experimental data on yields of protons, strange A’s, and multistrange baryons (=, Q), and
antibaryons production on nuclear targets, and the experimental ratios of multistrange to strange antibaryon
production, at the energy region from SPS up to LHC, and compare them to the results of the quark-gluon

string model calculations. In the case of heavy nucleus collisions, the experimental dependence of the £+ /A,

and, in particular, of the Q* /A ratios, on the centrality of the collision, shows a manifest violation of quark

combinatorial rules.

DOI: 10.1103/PhysRevD.105.114013

I. INTRODUCTION

The quark-gluon string model (QGSM) [1-4] is based on
the dual topological unitarization (DTU), Regge phenom-
enology [5], and nonperturbative notions of QCD [6].

In QGSM, high energy interactions are considered as
proceeding via the exchange of one or several Pomerons. The
cut of at least some of those Pomerons determines the inelastic
scattering amplitude of the particle production processes, that
occur through the production and subsequent decay of the
quark-gluon strings resulting of the cut of the Pomerons.

In the case of interaction with a nuclear target, the
multiple scattering theory (Gribov-Glauber theory) [7] is
used. For nucleus-nucleus collisions, the multiple scatter-
ing theory allows to consider this interactions as the
superposition of independent nucleon-nucleon interactions.

At very high energies, the contribution of enhanced
Reggeon diagrams (percolation effects) becomes important,
leading to a new effect, the suppression of the inclusive
density of secondaries [8] into the central (midrapidity)
region. This effect corresponds to a significant fusion of the
primarily produced quark-gluon strings.

The QGSM provides a successful thorough description
of multiparticle production processes in hadron-hadron
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[9-13], hadron-nucleus [14-16], and nucleus-nucleus
[17-20] collisions, for a wide energy region. In particular,
the inclusive spectra of charged pions, kaons, nucleons, and
A hyperons, were correctly described in the cited papers.

The production of multistrange hyperons, =~ (dss), and
Q7 (sss), has special interest in high energy particle and
nuclear physics. Since the initial-state colliding projectiles
contain no strange valence quarks, all particles in the final
state with nonzero strangeness quantum number should have
been created in the process of the collision. This makes
multistrange baryons a valuable probe in understanding the
particle production mechanisms in high energy collisions.
A remarkable feature of strangeness production is that the
production of each additional strange quark featuring in the
secondary baryons, i.e., the production rate of secondary
B(qgs) over secondary B(qqq), then of B(gss) over
B(qqs), and, finally, of B(sss) over B(gss), is affected
by one universal strangeness suppression factor, A;:

2= B(qqs) _ B(gss) _ B(ss5) (1)

B(qqq) B(qqs) B(gss)’

together with some simple quark combinatorics [21-23].

In the present paper, we compare the results of the
standard QGSM calculations, with the experimental data
on yields of p, A, E, and Q baryons, and the corresponding
antibaryons, in nucleus-nucleus collisions, for a wide
energy region, going from SPS up to LHC ranges.

We also consider the ratios of multistrange to strange
antihyperon production in nucleus-nucleus collisions with
different centralities, at CERN-SPS and RHIC energies.
In the standard formulation of QGSM, it is assumed that
each secondary particle is produced by the independent
fragmentation of one single quark-gluon string.
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Let us define:

_ _ _ d _
R(E*/A) :d—y(A+B—>E++X)/d—;l(A+B—>A+X),
(2)

R(Q*/A) :j—Z(A+B_>Q+ +X)/Z—Z(A+B—>/_\+X).
(3)

The produced antihyperons, 2 and QF, contain valence
antiquarks newly produced during the collision. The ratios
in Egs. (2) and (3) are reasonably described by QGSM
when a relatively small number of incident nucleons
participate in the collision (nucleon-nucleus collisions, or
peripheral nucleus-nucleus collisions).

The number of quark-gluon strings (cut Pomerons) in
nucleus-nucleus collisions increases with the centrality
of the collision, but if the secondaries are independently
produced in a single quark-gluon string, the ratio of yields
of different particles should not depend on the centrality.

However, in this paper we show that in central nucleus-
nucleus collisions already at 158 GeV/c per nucleon,
the experimental yield of multistrange hyperons is signifi-
cantly larger then in peripheral collisions, indicating that
the ratios in Eqs. (2) and (3) strongly depend on the
centrality of the collision. This effect decreases with the
growth of the initial energy.

II. OTHER MODELS

Already in Ref. [24], the UA1 Collaboration found,
by measuring the strangeness yields in pp collisions at
/s = 630 GeV, that the strangeness suppression factor
seemed to show a tendency to increase slowly with /s,
effect that it was conjectured it could be due to the increase
in the radiation of gluons which fragment into s§ pairs.

On the other hand, by using the event generator LUCIAE
to analyze the data by the NA35 Collaboration on the p and 1
yields, in pp and central sulphur-nucleus collisions at 200A
GeV, Sa and Tai indicated [25] that those data might imply
the reduction of strangeness suppression in ultrarelativistic
nucleus-nucleus collisions comparing to the nucleon-
nucleon case at the same energy (see details on the event
generator PACIAE, the updated version of LUCIAE, in
Refs. [26,27]). Since the hadronic rescattering forcefully
plays a role in the deficit of strangeness suppression, the
authors then claimed the necessity of going further in the
study of the reduction of strangeness suppression, before
using it as a signal of quark-gluon plasma (QGP).

The NeXus approach is used in Ref. [28] to analyze
strangeness production in pp collisions at SPS and RHIC
energies, to find that strangeness production is suppressed
in proton-proton collisions at SPS energy, as compared to
e"e” annihilation, while strangeness production in high

energy pp and e"e” collisions agree quantitatively. The
authors claim that the strangeness suppression in pp
collisions at SPS is a consequence of the limited-space
available in string fragmentation at these energies. Thus, if
the hadron mass is small as compared to the typical string
energy, the hadron multiplicity ratios (e.g., strange to not-
strange), reach asymptotic values, and a further increase of
the string energy leads only to an overall increase of the
produced hadron multiplicity, leaving their relative ratio
unchanged. If, on the contrary, the string mass becomes
comparable to the hadron masses (when the energy of the
collision is smaller), the production of the heavy hadrons is
suppressed due to the very limited phase space available.

In [29], Tounsi and Redlich claimed that the pattern of
enhancement of strange and multistrange baryons observed
by the WA97 Collaboration could be understood on the
basis of the significant role of canonical suppression in the
enhancement of the strangeness production. By presenting
quantitative predictions for the relative enhancement of A,
E, and Q yields in the energy range from /s = 8.7 GeV to
/s =130 GeV, they showed that in the canonical
approach the enhancement of the strangeness production
is a decreasing function of collision energy, where the
enhancement of Q, =, and A would be of the order 100, 20,
and 3, respectively. Strangeness enhancement is already
seen at low energies, and found to be a decreasing function
of collision energy in a set of data on the K™ /z™ ratio, in
AA relative to pp collisions. Such a behavior with the
energy of the collision could also be expected for multi-
strange baryons, and, in fact, a statistical model implement-
ing canonical strangeness conservation explains [30]
the WA97 pattern and predicts that the enhancement is a
decreasing function of collision energy. As an example,
Tounsi and Redlich predict that at RHIC enhancement of Q
is smaller than at SPS, in contrast with the predictions by
the UrQMD model of an enhancement at RHIC larger by a
factor of four than at SPS [31]. It was also stressed the fact
that the NAS57 Collaboration data [32] which measure
the yield per participant in Pb 4 Pb collisions relative to
p+Pb and p + Be collisions show a saturation in the
enhancement of the strangeness production for a number
of participant nucleons N, > 100, while results of the
NAS57 Collaboration [33] indicated an abrupt change of =+
enhancement for lower values of N,,. Similar behavior
had been previously seen on the K yield measured by the
NA22 Collaboration in Pb 4+ Pb collisions [34].

In Ref. [35], where it is pointed out that the correlation
between the enhancement in the strangeness production
and the J/¥ anomalous suppression patters observed in
heavy ion collisions at top SPS energy /s = 17.2 GeV, if
studied as a function of the transverse size of the interaction
region, makes considerably stronger the case for SPS being
right at the onset of QGP formation, it is also found that the
strangeness suppression factor varies considerably between
the most central and the most peripheral bin in Pb + Pb
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collisions, being significantly smaller in central C + C and
Si + Si than in Pb 4 Pb collisions, confirming the results of
a previous analysis in Ref. [36]. Thus, the strangeness
suppression factor is larger in central light-ion collisions
than in the most peripheral heavy-ion collisions, where
it approaches the value found in pp collisions. These
analyses raised the question on whether a regular behavior
exists as a function of the system size in the strangeness
production pattern in heavy ion collisions, either by taking
A, as a function of the fraction of struck participants in the
Glauber model [36], either by looking for an underlying
physical mechanism implying the undersaturation of the
strange phase space, with A; becoming an effective para-
metrization of a more complicated physical picture (i.e.,
see [37]).

In Ref. [38], two different types of transport models, the
microscopic transport model UrQMD, and a stochastic
transport model provided by an elaborated transport cas-
cade, were used to show that both dynamically account for
the suppression in the yields of rare strange particles in zz
collisions, provided in the canonical formulation of the
Boltzmann equation, and associated with the exact con-
servation of an U(1)-charge. The reason is that any kaon in
the system requires the existence of a corresponding
antikaon due to strangeness conservation, thus the proba-
bility of finding a particle antiparticle pair turns into a
highly correlated conditional probability, the enhanced
annihilation probability then leading to the canonical
suppression in the kaon yields, behavior automatically
included in the considered transport models.

As a matter of fact, and as noticed in [39], the value of
strangeness suppression factor 4, is measured and calcu-
lated by different methods. Thus, it has been considered as
constant in energy range by Malhotra and Orava [40], while
there are other analyses which accept the decrease of
strangeness suppression with the increase of the collision
energy [24,41], and new Monte-Carlo event generators
have been developed where A, is energy dependent [42].

The PYTHIA6.4 predictions for strange particle spectra were
calculated by Lobanov and collaborators [39] with new
ATLAS tunes, to show that the analysis of particle yields
in p p collisions at the LHC energies demonstrates the smaller
strangeness suppression comparing with experiments at lower
energies. Thus, the experimental data by the ALICE [43],
CMS [44], and ATLAS [45] collaborations show a large
increase in the measured production cross section of strange
particles as /s increases from 0.9 to 7 TeV.

The UA1 Collaboration found a value of A, = 0.29
from their measurements on the ratio K/ at energy /s =
630 GeV, in agreement with previous measurements [40],
and with UAS and CDF experiments. Then they made
energy dependence fitting for A;, and found a value
Ay = 0.31 at the LHC energy of 14 TeV. From LHC data
45-43]], in the range /s = 0.9 to 7 TeV, in the central
rapidity region, Lobanov and collaborators obtain an

estimation of A, = 0.39. They conclude that LHC data
show an increase of strangeness production (or smaller
strangeness suppression), with respect to previous exper-
imental data in lower energy ranges.

Moreover, H. Satz signaled [46] that in a hydrodynam-
ical scenario the (universal) strangeness suppression factor
for hadroproduction in high energy pp, pA, and AA
collisions increases from 0.5 to 1.0 in a narrow temperature
range around the quark-hadron transition temperature, and
strangeness suppression disappears with the onset of color
deconfinement, and with the onset of the full equilibrium
resonance gas behavior.

At this point, one has to note that the strangeness
suppression factor, 4, accounts for the suppression, in
the same process, of the production of strange particles with
respect to the production of nonstrange particles, while the
term strangeness enhancement indicates the, in principle
expected enhancement, when going from less to more
energetic/central collisions, of strange particle production.
Finally, if one observes that this experimental enhancement
is less than the theoretically predicted, one talks of
suppression, or decrease, of the strangeness enhancement.

Regarding approaches specifically based on the QGSM
formalism, different Monte Carlo event generators built
from the QGSM framework have been used to quantita-
tively describe the main properties of multiparticle events
in hadron-nucleus and nucleus-nucleus collisions at high
energies. One of the first theoretically consistent trans-
lations of the QGSM to a Monte Carlo event generator is
due to N.S. Amelin and L.V. Bravina [47,48].

In further developments, S.G. Mashnik and collaborators
presented the Los Alamos version of the QGSM, realized in
the high energy code LAQGSM [49], able to describe both
particle and nucleus induced reactions at energies up to
1 TeV/nucleon. LAQGSM differs from QGSM by replac-
ing the preequilibrium and evaporation parts with the
new physics from CEM2k [50], and it has a number of
improvements in the cascade and Fermi break-up models.
LAQGSM is particularly suited to be used is cosmic-ray
applications [51].

In Ref. [52], S. Ostapchenko introduced the construc-
tion of the Monte Carlo generator QGSJET-II, for high
energy hadronic and nuclear collisions, in which inter-
actions are treated in the framework of the Reggeon field
theory (RFT), enhanced Pomeron diagrams are taken into
account, and where both soft and semihard contributions
to the parton dynamics are accounted for. Since it is based
on the RFT formalism, QGSJET-II shares most of its
assumptions, like the validity of the Abramovski-Gribov-
Kancheli (AGK) rules and eikonal vertices for Pomeron-
hadron vertices. It also neglects energy-momentum
correlations between multiple scattering processes at
the amplitude level.

In Ref. [53], the Monte Carlo realization of the QGSM in
Refs. [47,48] was used to study the main characteristics of
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pp interactions at energies from /s = 200 GeV to LHC
energy /s = 14 TeV, and it is shown that QGSM favors
violation of Feynman scaling in the central rapidity region
and its preservation in the fragmentation regions, it holds
extended longitudinal scaling at LHC, and it presents
further violation of the Koba-Nielsen-Olesen (KNO) scal-
ing in multiplicity distributions.

In particular concerning the description of strangeness
production by using a QGSM-based Monte Carlo, in
Ref. [54] the Monte Carlo QGSM [47,48] was used to
study the strangeness production in proton and heavy ion
collisions at 200A GeV, the shape of rapidity and transverse
mass distributions being well reproduced, both in
peripheral and central heavy ion collisions. In fact, for
the hadron-nucleus case, the Monte Carlo QGSM success-
fully describes not only the shape of distributions, but the
absolute yield of neutral strange particles, as well. The
description gets less reliable for strange particle abundan-
ces produced in heavy colliding systems, what it is seen in
the model results for central S + S collsions. The authors
note that in QGSM, secondary interactions at energies
lower than the threshold for strange particle production
lead even to decreasing ratios strange/negative, while
experimental ratios have the opposite trend: Strangeness
abundance grows with increasing negative multiplicity
(decreasing impact parameter), the most drastic difference
being observed for A production. In this regard, the NA35
Collaboration data [55,56] are in an unique position, since a
strangeness enhancement with decreasing impact param-
eter had not been observed at lower AGS-BNL energies, or
for the same 200A GeV energy, with lighter projectile. To
give a qualitative estimate of the physical consequences of
including collective string-string interactions to improve
the description of central heavy-ion collisions, also in this
paper some preliminary results of the Monte Carlos string
fusion model (SFM) [57,58] are presented.

_/—\

A A

Vel

(a) (b)

FIG. 1.

ITII. PRODUCTION OF SECONDARIES
IN THE QGSM

The QGSM [2,9] provides quantitative predictions of
different features of multiparticle production, in particular,
of the inclusive densities of different secondaries, both in
the central, and in the beam fragmentation regions. In
QGSM, high energy hadron-nucleon collisions are imple-
mented through the exchange of one or several Pomerons,
all elastic and inelastic processes resulting from cutting
between (elastic) or through (inelastic) Pomerons [59].

Each Pomeron corresponds to a cylindrical diagram, and
thus, when cutting one Pomeron, two showers of secon-
daries are produced [see Figs. 1(a) and 1(b)].

It was assumed in the QGSM that the Pomeron corre-
sponding to the cylinder-type diagrams is a simple pole
with ap(0) > 1 (supercritical Pomeron), with a trajectory
given by

ap(t)=1+A+ap-1t,A >0, (4)
the values used in QGSM for the intercept, A, and for the
slope, ap, are [10]:
A =0.139, ap =0.21. (5)
These values have been the ones used to describe the
experimental data, both at SPS, and at LHC energies, and,
for the sake of consistency, they have not been changed
in the different calculations performed by QGSM for more
many Yyears, though their fine tuning could better the
agreement of the QGSM results with some of the LHC
data by a small percentage.
For such a supercritical Pomeron, higher terms of the
topological expansion associated with exchange by several
Pomerons in the ¢ channel are also important. This is due

P /L . L
C L L[ C C C
L L L[ C C C
L L L[ C C C
C L L[ C C C
L L L C C C
C L L C C C
C N L L L C C
N b 27— 7 C -

(©)

(a) Cylindrical diagram representing the Pomeron exchange within the DTU classification. Quarks are shown by solid lines;

(b) Cut of the cylindrical diagram corresponding to the single-Pomeron exchange contribution in inelastic pp scattering; (c) Diagram
corresponding to the inelastic interaction of an incident proton with two target nucleons, Ny and N,, in a pA collision.
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to the fact that, though the exchange by n Pomerons is
~1/(N?)" [10], it is enhanced by the factor (s)"* [60].
Thus, it is necessary to sum many terms of the topological
expansion at very high energy. The s-channel discontinu-
ities of these diagrams are related to processes of produc-
tion of 2k (k < n) chains of particles.

The AGK-cutting rules [59] make it possible to deter-
mine the cross sections for 2k-chain (string) production
(with any number of uncut Pomerons) if the contributions
of all n-Pomeron exchanges to the forward elastic ampli-
tude are known. These contributions can be calculated
using the Reggeon diagram technique [61]. In principle, in
most calculations diagrams of the eikonal type are taken
into account.

In this model, the cross sections of 2k-chain production
o have the form [60]

O'k(f) =

k {1 —exp(—

where

op=8nypexp(Af), z

(see more details in Ref. [4]).
The total interaction cross section has the form

For superhigh energies, when &> 1, ¢(®)(£) has a
Froissart-type behavior

8ralp A

ot () ~ 2, ©

This type of behavior for the total cross section is common
to a wide class of models with ap > 1. Inclusive cross
sections and multiplicity distributions can be obtained in
this approach by summing over hadronic production for all
processes of 2k-chain formation.

The inclusive spectrum of a secondary hadron #4 is then
determined by the convolution of the diquark, valence
quark, and sea quark distribution functions, u(x, n) (every
one normalized to unity), in the incident particles, with the
fragmentation functions G”(z) for quarks and diquarks to
contribute to the production of the secondary hadron #.
Both the distribution functions and the fragmentation

functions are constructed by using the well-established
Reggeon counting rules [3].

In particular, when n > 1, i.e., in the case of multi-
Pomeron exchange, the distributions of valence quarks
and diquarks are softened due to the appearance of a new
contribution from sea quark-antiquark pairs.

The details of the model are presented in [2,9—11]. The
average number of exchanged Pomerons slowly increases
with the energy of the collision.

For a nucleon target, the inclusive rapidity, y, or
Feynman-x, xp, spectrum of a secondary hadron / has
the form [2]:

b Sy

n=1

10
= X)+wp - dh(x),  (10)

where the functions ¢/ (x) determine the contribution of
diagrams with n cut Pomerons, w,, is the relative weight of
this diagrams, and the term wy, - ¢/ (x) accounts for the
contribution of diffraction dissociation processes.

For pp collisions:

Gn(x) = fag(xi.n) - fqleo.n) + f(xp.n) - foq(x_.n)

+2(n = Df(xi,n) - fi(x_,n), (11)

Xy == |\/4m3 /s + x* £ x|, (12)
3 [/ )

where my; = \/m? + p2 is the transverse mass of the
produced hadrons, and f,,, f,, and f,, correspond to
the contributions of diquarks, valence, and sea quarks
(antiquarks), respectively, The contributions of the incident
particle and the target proton depend on the variables x
and x_, respectively [1-4].

The first two terms in Eq. (5) correspond to chains
with valence quarks (diquarks) at the ends, while the
last term is connected to chains stretched between sea
quark-antiquark. The expression of the functions f in
Eq. (5) is determined by the convolution of the diquark
and quark distribution functions, with the fragmentation
functions, e.g.,

h _ [ h
fi(xe, k) /”1<x1vk>Gz<xi/xl>dxlv (13)

where i = gq diquarks, g valence quarks, and g valence
antiquarks, and ¢, sea quarks (g, sea antiquarks),
respectively.

In the calculation of the inclusive spectra of secondaries
produced in pA collisions, we should consider the possibility
of one or several Pomeron cuts in each of the v blobs of the
proton-nucleon inelastic interactions [see Fig. 1(c)].

114013-5



ARAKELYAN, MERINO, and SHABELSKI

PHYS. REV. D 105, 114013 (2022)

It is also essential to take into account all diagrams with
every possible Pomeron configuration, and its correspond-
ing permutations [2,3,18]. The diquark and quark distri-
bution functions and the fragmentation functions are the
same as in the case of a proton-nucleon, pN, interaction.

The process shown in Fig. 1(c) satisfies [62-65] the
condition that the absorptive parts of the hadron-nucleus
amplitude are determined by the combination of the
absorptive parts of the hadron-nucleon amplitudes.

For nucleus-nucleus collisions, in the fragmentation
region of the projectile we use the approach presented in
Refs. [17-19], where the beam of independent nucleons of
the projectile interacts with the target nucleus, what corre-
sponds to the rigid target approximation [66] of the Glauber
theory. Correspondingly, in the target fragmentation region
the beam of independent target nucleons interacts with the
projectile nucleus. The results obtained in this approach for
the two fragmentation regions coincide in the central region.
When the initial energy is not very high, the corrections due
to the implementation of energy conservation play here a
very important role. This approach was used in [19] to obtain
a successful description of the yields of 7+, K*, p, and P,
in Pb 4 Pb collisions at 158 GeV per nucleon.

The superposition picture of QGSM gives a reasonable
description [13,14,19] of the inclusive spectra on nuclear
targets at energies /s = 14-30 GeV. At RHIC energies the
situation drastically changes: while the spectra of seconda-
ries produced in pp collisions are described by QGSM
rather well [13], the RHIC experimental data for Au + Au
collisions [67,68] give clear evidence of suppression effects
that reduce the midrapidity inclusive density by about a
factor two, when compared to the predictions based on the
superposition picture [18,69,70]. This reduction can be
explained by the inelastic screening corrections connected
to multi-Pomeron interactions [8] (see Fig. 2). All these
diagrams are proportional to the squared longitudinal form
factors of both colliding nuclei [8].

Though all numerical estimates are model dependent,
since the numerical weight of the contribution of the
multipomeron diagrams remains rather unclear due to the
many unknown vertices in these diagrams, in some models
the number of unknown parameters can be reduced. As an
example of this, in reference [8] the Schwimmer model [71]
was used to obtain consistent numerical predictions.

In order to account for the screening effects in the
QGSM, it is technically more simple [13] to consider
the maximal number of Pomerons, n,,,, emitted by one
nucleon in the central region. Then, after they are cut, these
Pomerons lead to the different final states. Finally, the
contributions of all diagrams with n < n.,, are accounted
for, as at lower energies. The unitarity constraint also
affects the emission of larger numbers of Pomerons,
n > N but due to fusion in the final state (at the
quark-gluon string stage), the cut of n > n.,, Pomerons
results in the same final state as the cut of n,,, Pomerons.

A A A v A—

B B B S B———=
(@) (b) (©) (d)

FIG. 2. (a) Multiperipheral ladder diagram; (b) Inclusive cross

section corresponding to diagram in (a); (c) Diagram with fusion
of several ladders; (d) Inclusive cross section corresponding to
diagram in (c).

Actually, the largest number of Pomerons one accounts
for in QGSM depends on (grows with) the energy, and it is
fixed in the inelastic cross section as 1073/ (all sum), that is,
1073 times the sum of the Pomerons in all considered
diagrams, for the calculation at one given energy.

By taking this approximation, all QGSM calculations
become rather simple, straightforward, and very similar to
those in the percolation approach [57,58,72].

IV. COMPARISON OF QGSM CALCULATIONS
WITH EXPERIMENTAL DATA

A. Fixed target energy data

The experimental data on proton and hyperon production
were reasonably described in [16]. The data for p 4+ Be and
p + Pb collisions were also described in the same reference,
but it appears that the value of the strange suppression
parameter 4, = 0.25 would have to be slightly increased to
get a better comparison with the experimental data. In the
present paper we use the value A, = (0.32, that provides
good results for the description of the experimental data in
references [73,74]. The results of our calculation for p 4+ Be
and p + Pb collisions are presented in Table I, where it is
apparent the consistent agreement with the experimental data.

In the case of Pb -+ Pb collisions at 158 GeV/c per
nucleon, we compare the experimental data on dn/dy for
central collisions (]y| < 0.5), measured by NA49 [76-81],
NAS57 [75,82], and WA97 [32] collaborations, with the
corresponding QGSM predictions. The comparison for
inclusive densities dn/dy of secondary proton and hyper-
ons are shown in Table II, where one can see that the
experimental data obtained by each of the collaborations
are, in general, compatible with those by the others.

The values in Table II state the reasonable description of
the experimental data for secondary p, A, and A, obtained
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TABLE I. Experimental data by the NA57 Collaboration [75]
on inclusive densities dn/dy of hyperon production in p 4+ Be and
p + Pb central |y| < 0.5 collisions at proton-nucleon 158 GeV/c,
together with the results of the QGSM calculations (4, = 0.32).

dn/dy, |y| 0.5
Process (Experimental data) dn/dy (QGSM)
p+Be— A 0.0334 4 0.0005 4 0.003 0.0357
p+Be—= A 0.011 £ 0.0002 + 0.001 0.0128
p+Pb— A 0.060 4 0.002 + 0.006 0.0678
p+Pb— A 0.015 +0.001 + 0.002 0.0173
p-+Be - E” 0.0015 # 0.0001 4 0.0002 0.00261
p+Be— 2"  0.0007 £ 0.0001 £ 0.0002 0.00113
p+Pb—>E" 0.0030 4 0.0002 4 0.0003 0.00336
p+Pb— =T 0.0012 4+ 0.0001 4 0.0001 0.00113
p+Be— Q 0.00012 + 0.00006 + 0.00002 0.000143
p+Be — QFf 0.00004 £ 0.00002 £ 0.00001 0.0000453
p+Pb—- Q" 0.00022 £+ 0.00008 + 0.00003 0.000184
p+Pb— Qt 0.00005 £ 0.00003 + 0.00002 0.000058

in QGSM, by using the value A4, = 0.32, for the strangeness
suppression factor, A.

On the contrary, for the case of multistrange hyperon
production of Z~, 2%, Q~, and QF, the values in Table II
show that in the frame of the QGSM a correct description of

the experimental data can only be obtained by using
significant larger values of A, i.e., by implementing a
weaker suppression of strangeness production. This fact is
a clear indication of a significant violation of the quark
combinatorial rules [22,23].

Actually, the quark combinatorial rules assume that
every strange quark can be picked up with the same
probability, i.e., with the same value of 4;, but comparison
in Table II demonstrates the opposite picture: the value
of the parameter A, for the cases of Z~, Z%, Q~, and Q
production appears to be more than 3 times larger than for
the cases of A and A production.

In Fig. 3 we show the comparison of the QGSM
prediction with the experimental data [75] on the depend-
ence of the ratios QF /A (left panel) and E* to A (right
panel), on the number of wounded nucleons, N,, in
Pb + Pb collisions at 158 GeV/c per nucleon. The number
of wounded nucleons, N, is directly related to the central-
ity of collisions. Thus, small values of N,, correspond to
peripheral collisions (large impact parameter), while large
values of N,, corresponds to central collisions (small
impact parameter).

The necessity of using different effective values of the
strangeness suppression factor A, to correctly describe the
production, both of strange, and of multistrange hadrons at
SPS, directly appears when looking at the corresponding
experimental data. In particular, this need is made apparent

TABLE II. The comparison of QGSM predictions with the experimental data on midrapidity yields of p, p,

—_——

strange A, A, and multistrange =7, B+, Q, and QF, produced at different centrality percentage in Pb + Pb
collisions at energy 158 GeV/c per nucleon, measured by the NA49 [76-81], NAS57 [75,82], and WA97 [32]
collaborations. Experimental data presented in the review [81] are also considered. The values of the strangeness
suppression factor, 1, used in the different QGSM calculations presented in this table, are the following: 1, = 0.32
(for p and A production), 4; = 0.7 (for Z production), and A; = 0.75 (for Q production).

Process Centrality dn/dy, |y| < 0.4 (Experimental data) dn/dy (QGSM)
Pb+Pb— p 0-5% 29.6 £0.9 [76] 30.29
Pb+Pb — A 0-10% 9.5+0.1 £1.0 [79,81] 6.64
Pb+Pb — A 0—-10% 109+ 1.0+ 1.3 [77,81]

Pb+Pb— A 0—-10% 13.7 £ 0.9 [32,81]

Pb+Pb - A 0—10% 1.24 +0.03 £ 0.13 [79,81] 1.65
Pb+Pb - A 0—-10% 1.62 +0.16 0.2 [77,81]

Pb+Pb - A 0—-10% 1.8 +0.2 [32,81]

Pb+Pb — =~ 0—-5% 2.08 +0.09 £ 0.21 [75,81] 1.458
Pb+Pb - EF 0—-5% 0.51 +0.04 +0.05 [75,81] 0.482
Pb+Pb — B~ 0-10% 1.5+ 0.01 [32,81] 1.34
Pb+Pb - EF 0—-10% 0.37 £ 0.06 [32,81] 0.443
Pb+Pb — E- 0-10% 1.43 £0.33 £0.16 [80,81] 1.34
Pb+Pb — 2~ 0—-10% 1.44 £ 0.10 £ 0.15 [79,81] 1.34
Pb+Pb - EF 0—-10% 0.31 £0.03 £0.03 [79,81] 0.443
Pb+Pb - Q- 0—5% 0.31 £0.07 £0.05 [75,81] 0.246
Pb+Pb - QF 0—-5% 0.16 + 0.04 +0.02 [75,81] 0.111
Pb+Pb - Q- 0—-10% 0.14 £0.03 £0.01 [78,81] 0.197
Pb+Pb — Q* 0-10% 0.07 £0.03 £0.01 [78,81] 0.071
Pb+Pb —» Q- 0-11% 0.259 +0.037 + 0.026 [81,82] 0.197
Pb+Pb —» Q* 0-11% 0.129 +£0.0122 £ 0.013 [81,82] 0.071

114013-7



ARAKELYAN, MERINO, and SHABELSKI

PHYS. REV. D 105, 114013 (2022)

1 F
NA57
a* /A
-1
10
x
2
10
3
10 = :
1 10 10

FIG. 3.

1
NA49 , NAS7
= /A
-1
T
10 - :
1 10 10

N.

Ratios of Q*/A (left panel), and of Z*/A (right panel) as functions of the number of wounded nucleons, N,,. The

experimental data of Pb + Pb collisions for different numbers of wounded nucleons, N, (different centralities) measured by the NAS57
Collaboration (points), and by the NA49 Collaboration (squares) are presented, and compared with the corresponding QGSM

predictions.

by the increase with centrality of the experimental ratios of
the yields Q* /A, and Z*/A, measured in Pb + Pb colli-
sions (see Fig. 3), since all other parameters in the model
remain invariant.

At small values of N,, the ratio is practically equal to that
in the cases of p + Be and p + Pb collisions, and all they
can be correctly described by the QGSM by using a value
the of the strangeness suppression parameter, 4, = 0.32.
Then, the experimental ratio increases rather fast with the
increasing value of N, i.e., when we move from peripheral
to central Pb 4 Pb collisions. This behavior is reasonably

PbPb = p X o
++
‘FJIT*““\
10 F
PbPb = P X
e i N
o P
\ r -
C L AN
° e
—a
1 E
158 GeV/c \
-1 \‘\
10 | | | || | ||

Ll ‘ ‘ ‘ ‘
2 15 -1 05 0 05 1 15 2

reproduced by the full line in Fig. 3, that it has been
calculated with the value 4, = 0.32 at its left end, and with
the values of A; shown in Table II at its right end.

The results of QGSM calculations with a constant value
Ay = 0.32, disregarding of the value of the number of
wounded nucleons (centrality), N, are shown in Fig. 3 by
dashed lines.

Obviously, for small values of N,,, both curves coincide,
but when N, increases the full line also increases in
agreement with the data, while the dashed line is practically
constant, with exception of small corrections mainly

PbPb —> AX

PbPb = AX

gt % #4774 T
C F . AN
o f ’ .

FIG. 4. Rapidity dependence of dn/dy for p, p (left panel), and for A, A (right panel) productions. The experimental data of Pb + Pb
collisions measured by the NA49 Collaboration at 158 GeV/c per nucleon [79] are presented, and compared with the QGSM

predictions (solid and dashed lines).
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FIG. 5.

predictions (solid and dashed lines).

TABLE III.

Rapidity dependence of dn/dy for E-,

E* (left panel), and Q~, Q" (right panel) productions. The experimental data of
Pb + Pb collisions measured by the NA49 Collaboration at 158 GeV/c per nucleon [78] are presented, and compared to the QGSM

0.3
PbPb —> 0 X
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> 007} A
Q 0.06 | Y
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Experimental data on dn/dy by the STAR Collaboration [87] on p, p, A, A, 2=, B and Q~, Q*

production in central Cu+ Cu and Au + Au collisions at RHIC energies, together with the corresponding

QGSM results.

Process /s (GeV)  Centrality dn/dy (Experimental data) dn/dy (QGSM) A
Au+Au— p 62.4 0-5% 29.0 £+ 3.8 [85] 22.826 0.32
Au+ Au— p 62.4 0-5% 13.6 £ 1.7 [85] 15.115

Au+Au - A 62.4 0-5% 15.7£0.3 £ 2.3 [86] 9.221 0.32
Au+ Au— A 62.4 0-5% 83+0.2+1.1[86] 6.258

Au+ Au - B~ 62.4 0-5% 1.63 +0.09 £+ 0.18 [86] 1.406 0.4
Au + Au - EF 62.4 0-5% 1.03 +£0.00 £ 0.11 [86] 0.996

Au+ Au - Q 62.4 0-20% 0,212 £+ 0.028 + 0.018 [36] 0.222 0.55
Au+ Au - Q* 62.4 0-20% 0,167 £0.027 + 0.015 [36] 0.154

Au+Au— p 130. 0-5% 28.2 + 3.1 [85] 27.450 0.32
Au+Au— p 130. 0-5% 28.7+£0.9 [89] 27.450

Au+ Au—p 130. 0-5% 20.0 £2.2 [85] 22.723

Au+Au— p 130. 0-5% 20.1 £ 1.0 [89] 22.723

Au+ Au - A 130. MB 4.8 +0.3 [88] 3.379 0.32
Au+ Au— A 130. MB 4.3 +£0.7 [88] 2.861

Au+ Au - A 130. 0-5% 17.3 £ 1.8 + 2.8 [88] 13.070 0.32
Au+Au - A 130. 0-5% 170 £ 0.4 + 1.7 [86]

Au+ Au = A 130. 0-5% 12.7 £1.82 +2.0 [88] 11.053

Au+ Au— A 130. 0-5% 12.34+0.3 + 1.25 [86]

Au+ Au - B~ 130. 0-10% 2.0+£0.14 £0.2 [83] 1.976 0.39
Au+ Au - ZF 130 0-10% 1.70 £0.12 £ 0.17 [83] 1.754
Au+Au—-Q +QFf 130. 0-10% 0.55+£0.11 +0.06 [83] 0.544 0.48
Cu+Cu—A 200 0-10% 4.68 +0.45 [87] 4.200 0.32
Cu+Cu— A 200 0-10% 3.79 +0.37 [87] 3.772

Cu+Cu— E- 200 0-10% 0.62 +0.08 [87] 0.559 0.33
Cu+Cu— =+ 200 0-10% 0.52 +0.08 [87] 0.507
Cu+4Cu—-Q +QF 200. 0-10% 0.141 £ 0.017 [87] 0.140 0.39
Au+ Au— p 200. 0-5% 347+ 4.4 [85] 31.450 0.32
Au+Au— p 200. 0-5% 26.7 + 3.4 [85] 27.765

Au+Au — A 200 0-5% 14.8 + 1.5 [87] 15.762 0.32
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TABLE III. (Continued)

Process /s (GeV)  Centrality dn/dy (Experimental data) dn/dy (QGSM) A
Au+Au - A 200 0-5% 16.7£0.2 + 1.1 [84]

Au+ Au— A 200 0-5% 11.7 £ 0.9 [87] 14.152

Au+ Au— A 200 0-5% 12.74+0.2 £ 0.9 [84]

Au+ Au - 5~ 200 0-5% 2.17 £0.06 £ 0.19 [84] 2.173 0.34
Au+ Au - EF 200 0-5% 1.83 +0.05 £+ 0.20 [84] 1.962
Au+Au—Q +QF 200. 0-5% 0.53 +0.04 £+ 0.03 [84] 0.525 0.4

connected to energy conservation. This dashed line shows a
very significant disagreement with the experimental data at
large values of N,,.

The difference between the full and the dashed lines for
the ratio Q" /A in a very central event is of about one order
of magnitude. Such a large difference comes from the fact
that the cross section for & production is proportional to
14°. Meanwhile, since the cross section for 2% production is
proportional to 4,2, the difference between full and dashed
curves for the ratio 2 /A is not so large.

This behavior in which the value of the strangeness
suppression factor A, increases with the value of N,, (central-
ity), indicates that the simple quark combinatorial rules
[22,23] are not valid for central collisions of heavy nuclei.

In Figs. 4 and 5, the rapidity dependence of p, p, A, A
(Fig. 4), and of 2=, 2, Q~, QT (Fig. 5) baryons production
in central Pb+ Pb collisions with initial momentum
158 GeV/c per nucleon, are shown, and compared with
the QGSM predictions (full and dashed lines). The full
and dashed lines have been calculated for baryon and
antibaryon production by using the corresponding values

-1

10
STAR, Au + Au, Vs = 62.4 GeV
a /A P2
x 10°hF
-3
10 Y R Y
1 10 10°
N,

of the strangeness suppression parameter, A,, given in
Table II.

Both in Figs. 4 and 5, one can appreciate a reasonable
agreement of the QGSM predictions with the experimental
data for the production of all secondary baryons.

B. STAR Collaboration data

Now we consider the experimental data on midrapidity
densities of protons and hyperons in Au + Au and Cu + Cu
collisions measured by the STAR [83-87] and PHENIX
[88,89] collaborations at RHIC energies, and we compare
them with the results of the corresponding QGSM calcu-
lations. The comparison is presented in Table III, were one
can appreciate that, in general, the agreement of the QGSM
predictions with the experimental data in this energy region
is quite reasonable.

Again, we see here that the value of A for multistrange
hyperon production is larger than for the case of A and A
production. Now this difference is not so large as it is for
collisions at lower energies (see Table II). Moreover, it
seems that the difference in the value of the parameter 4;

1

STAR, Au + Au, Vs = 62.4 GeV

107 ]

2

1 10 10
N,

FIG. 6. The experimental points obtained by the STAR Collaboration on the ratios of Q* /A (left panel), and Z* to A (right panel), in
Au + Au collisions at /s = 62.4 GeV, at different centralities, as a function of the number of wounded nucleons, N,,, together with the

results of the corresponding QGSM calculations (solid curves).
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1

STAR, Cu+Cu, vs = 200 GeV

4/K

-2 ] A
1 10 10°
N,

FIG. 7. The experimental points obtained by the STAR Col-
laboration on the ratios = /A in Cu+ Cu collisions at /s =
200 GeV, at different centralities, as a function of the number of
wounded nucleons, N,,, together with the results of the corre-
sponding QGSM calculations.

decreases with the growing of the energy, meaning that the
violation of the quark combinatorial rules becomes less
important for high energy collisions.

In Fig. 6 we present the comparison of the QGSM
predictions with experimental data on the N, dependence
of the ratios Q*/A (left panel), and 2 /A (right panel),
measured by the STAR Collaboration in the midrapidity
region, at \/s = 62.4 GeV. Similarly as in Fig. 3, the left
end of the full line here was calculated with a value
Ay = 0.32, while for the right end the values of 4, presented
in Table III were used. The dashed line was calculated with
a constant value of A4, = 0.32.

The same calculations for the ratio of ¥ /A in Cu + Cu
collisions at /s = 200 GeV, are shown in Fig. 7. Here we
see again that the violation of the quark combinatorial rules

decreases with the growth of the energy of the collision, the
difference between the full and dashed lines being of the
order of the experimental error bars, at /s = 200 GeV.

C. LHC experimental data

In Table IV we consider the experimental data on p, p,
and E-, EF, Q°, Q' production in central Pb+ Pb
collisions at /s = 2.76 Tev, and of p + p production in
central Pb + Pb collisions at /s = 5.02 Tev, measured by
the ALICE Collaboration [90-92], at the CERN LHC.

Here we can see that the strangeness suppression param-
eter A, for 2~ and E* production becomes smaller than at
RHIC energies, taking the standard value 4, = 0.32. In the
case of Q™ and Q7 production, the value of A, also decreases
with respect to the RHIC energy range. Thus we see that the
unusually large values of 4, for central Pb 4 Pb collisions at
158 GeV/c per nucleon, monotonically decrease with the
increase of the initial energy of the collision.

Actually, this is the point we want to stress: though it
seems to contradict the accepted believe that the QGP is
easier to get produced in nuclear collisions at RHIC or LHC
energies, the experimental data on strange and multistrange
particle production show that the value of the strangeness
suppression factor to be taken in QGSM to correctly
describe those experimental data, it is lower at RHIC
and LHC energy ranges, than at SPS (i.e., a smaller
enhancement of strangeness production at RHIC and
LHC, when compared with that at SPS). It has to be
underlined that this surprising behavior is directly shown
by the experimental data, and it is not the result, or feature,
of any theoretical description of the experimental data.

V. CONCLUSION

We consider the production of hyperons in collisions
on nuclear targets, in the frame of the QGSM formalism,
and we find that one unexpected scenario appears when
comparing the QGSM predictions with the available
experimental data. Thus, while the experimental data on
multistrange hyperon and antihyperon production in

TABLE IV. Experimental data on dn/dy by the ALICE Collaboration of p, p central production at /s =
2.76 TeV [90], of p + p central production at /s = 5.02 TeV [91], E~, and of 2=, E*, Q~, and Q" production in
central Pb 4+ Pb collisions at /s = 2.76 TeV per nucleon [92], and the comparison with the results of the

corresponding QGSM calculations.

Process Vs (TeV) Centrality dn/dy (Experimental data) dn/dy (QGSM) Ay
Pb+Pb— p 2.76 0-5% 34 £ 3 [90] 34.604 0,32
Pb+Pb— p 2.76 0-5% 33 £3 [90] 33.898
Pb+Pb—p+p 5.02 0-5% 74.56 £ 0.06 £ 3.75 [91] 77.71 0,32
Pb+Pb — E- 2.76 0-10% 3.34 +£0.06 £ 0.24 [92] 3.357 0,32
Pb +Pb —» =+ 2.76 0-10% 3.28 £0.06 £ 0.23 [92] 3.317

Pb+Pb - Q~ 2.76 0—-10% 0,58 £0.04 £+ 0.09 [92] 0.606 0.38
Pb+Pb — QF 2.76 0—-10% 0,60 £ 0.05 + 0.09 [92] 0,601
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p-nucleus and in peripheral nucleus-nucleus collisions can
be reasonably described by the QGSM, by using for all
baryons the same standard value of the strange suppression
parameter A, = 0.32 (see Table I and Figs. 3, 6, and 7), to
get a correct description in QGSM of multistrange hyperon
and antihyperon production in central Pb + Pb collisions in
the midrapidity region, a larger value of A, is needed (as it
can be seen in Table II). In particular, in Fig. 3 one can see
that the experimental probability of multistrange hyperon
production in Pb + Pb collisions increases monotonically
with the number of wounded nucleons, N, i.e., when in
nucleus-nucleus going from peripheral to very central
collisions.

A similar situation also occurs in the case of Au+ Au
collisions at RHIC energies (see Table III and Fig. 6), while
in the case of Cu + Cu collisions this effect is practically
negligible (see Table III and Fig. 7), probably because the
Cu nucleus is not heavy enough.

Actually, the experimental data on the production of
multistrange hyperons in central collisions of heavy nuclei
show a very significant violation, essentially large at
CERN-SPS energies /s = 17.3 GeV, and that it decreases
with the growth of the initial energy of the collision, of
simple quark combinatorial rules [21-23], while, at the
same time, the corresponding data in proton-nucleus and

in peripheral nucleus-nucleus collisions are in agreement
with the theoretical description based on those quark
combinatorial rules.

We point out the remarkable experimental fact of the
different strangeness suppression in multistrange hyperon
production, from central collisions of heavy nuclei to
proton-nucleus and peripheral nucleus-nucleus collisions,
and the decreasing of this effect with the increase of the
initial energy of the collision.

The full theoretical explanation, as well as the descrip-
tion of the corresponding microscopic mechanism, of this
experimental effect are still to be formulated, what it will
be crucial to determine if, and under which conditions, the
reduction of strangeness suppression can be considered
as an undisputed signature of the realization of the
phase transition to QGP in high energy nuclear
collisions.
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