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Recently (2024), the NA61/SHINE collaboration has presented new experimental data on T , K i, proton,
and antiproton productions in central **Ar + 43Sc collisions at the laboratory momenta Py, = 13—150 A GeV/e
and has compared these data with predictions of popular theoretical models. It turned out that the models
poorly describe the data in the entire energy range. In this work, it has been suggested for the first time that
nucleons participating in non-diffractive collisions cannot diffractively dissociate in subsequent nucleon—
nucleon collisions. This idea has been implemented in the Geant4 FTF model. Good description of the data,

including the first NICA BM@N data on ©° meson production in the collisions of *°Ar nuclei with various

nuclei at an energy of 3.2 A GeV, has been achieved.
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In last decades, nucleus—nucleus collisions at rela-
tivistic energies have been actively studied in high
energy physics. In experimental studies, the main
attention was paid to collisions of heavy nuclei. Along
this path, a new state of matter called the quark—gluon
plasma and some new phenomena such as jet quench-
ing and strong collective flows were discovered. How-
ever, in recent years, increasing attention has been
paid to collisions of light and intermediate nuclei in
order to determine the conditions for the quark—gluon
plasma formation and the equation of state of quark—
gluon plasma. From this point of view, the direction of
researches of the NA61/SHINE collaboration seems
to be very relevant.

Recently, the NA61/SHINE collaboration has
published [1] new experimental data on various parti-
cle productions in “°Ar + #Sc collisions at P, = 13,
19, 30, 40, 75, and 150 A GeV/c. The collaboration has
compared the data, in particular, rapidity distributions
with predictions of theoretical Monte Carlo models
including EPOS 1.99 [2], parton—hadron-string
dynamics (PHSD 4.1) [3, 4], and simulating many
accelerated strongly-interacting hadrons (SMASH
2.1.4) [5, 6]. It turned out that EPOS, on average,
overestimates the data on the distributions of m*
mesons on rapidities, while the SMASH and PHSD
models underestimate the data (see Fig. 1). Predic-
tions of the EPOS and SMASH models approach the
experimental data (see Fig. 1) only at momenta higher
than 40 A GeV/c. Calculations by the PHSD models

are not shown in Fig. 1 since they are close to the pre-
dictions of the SMASH model. Predictions of the
standard Geant4 FTF model [7] are mainly close to
the results of the SMASH model.

The EPOS model involves the Glauber—Regge
approximation at simulation of multiparticle produc-
tion processes. Pomeron exchanges, hard parton colli-
sions, and splitting of parton chains are only taken into
account. Non-vacuum reggeon exchanges, which are
very important at low energies, are disregarded. This
explains why the model calculations approach the
experimental data from above with increasing colli-
sion energy. The contributions of pomeron and non-
vacuum exchanges to proton—proton collisions
decrease and increase with decreasing collision
energy, respectively. The corresponding cross sections

behave in the same way.1 This is the first factor. The
second factor is that the multiplicity in processes
induced by the non-vacuum exchanges is less than in
those induced by the pomeron ones.

The UrQMD [8, 9], PHSD, and SMASH models
are extensions of the classical intranuclear cascade
model and include the production of meson and
baryon resonances, particle formation time, etc. It is
assumed that at sufficiently high energies, the produc-

' Vacuum and non-vacuum exchanges enter into the elastic scat-
tering amplitude with different signs. Therefore, one has to
speak about cross sections with a certain caution. This is espe-
cially true for inelastic cross sections, which contain interference
terms.
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tion of particles in hadron—hadron collisions is due to
the formation of two quark—gluon strings in non-dif-
fractive processes, or one string and a surviving hadron
in diffractive processes, as in the FRITIOF model [10,
11]. According to the FRITIOF model, the mass dis-

tribution of strings has the form ~1/M,,.. This ansatz of

the model is criticized in the literature: hadron—had-
ron collisions in the FRITIOF model are treated as

double diffractive dissociation processes.2 To simulate
string decays/fragmentations that result in the pro-
duction of hadrons, the LUND algorithm [12] is used.
Each of the produced particles is assigned a momen-
tum and a time of the particle formation in the rest
frame of the original string, under the assumption that
the birth of the string occurred at one space-time
point. Having the four-momentum of the string, the
point of formation of the particle in the laboratory
frame can be found. However, the nucleon that trans-
formed into the string had a size of about 1 fm. Thus,
the created string initially had a size of about 1 fm.
This can be taken into account by reducing the forma-
tion time of each particle in the rest frame of the string
by ~1 fm/c. This will reduce the particle formation
times in the laboratory system, which in the case of
hadron—nucleus and nucleus—nucleus collisions can
lead to an increase in the total multiplicity of produced
particles. The disregard of this circumstance can
apparently explain the underestimated multiplicity of

n -mesons in Fig. 1 predicted by the SMASH model.

It should be noted that the UrQMD, PHSD, and
SMASH models violate the basic principle of the
FRITIOF model. The FRITIOF model suggests that
in hadron—nucleus collisions, strings arising in the
first intranuclear collision can collide with other
nuclear nucleons and increase their mass. The string
lifetime is disregarded. It is assumed that strings
decay/fragment outside the nuclei. In nucleus—
nucleus collisions, in the presence of many strings,
they can collide with each other and increase their
masses. A possible fusion of strings can simulate the
formation of quark—gluon plasma (see, e.g., [13]).

Interactions of strings with nuclear nucleons and
with other strings are forbidden in the UrQMD,
PHSD, and SMASH models based on the FRITIOF
model. Strings being born decay before possible sub-
sequent collisions. As a result, nucleus—nucleus colli-
sions are considered as a set of hadron—hadron colli-
sions. In each hadron—hadron collision there are low-
multiplicity diffractive processes and high-multiplicity
non-diffractive processes. Therefore, the simplest way
to increase the meson yield is to increase the probabil -
ity of non-diffractive collisions.

In the FRITIOF model, nucleons/strings can be in
four states: nucleons in the ground state (GS); strings
formed in the processes of diffractive dissociation of

2 In the Geant4 FTF model, the string mass distribution has the
forma/Mg, + b.
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Fig. 1. (Color online) Rapidity distributions of ©* mesons

in “°Ar + #3Sc collisions at centralities of 0—10% and
Py = (@) 13, (b) 19, (c) 30, (d) 40, (e) 75, and
() 150 A GeV/c. Circles are the NA61/SHINE experi-
mental data without systematic errors. Solid lines are cal-
culations using the new Geant4 FTF model. Long- and
short-dashed lines are calculations performed by the col-
laboration using the EPOS and SMASH models, respec-
tively. Dotted lines shown only in (a, f) are calculations
using the old version of the Geant4 FTF model.

nucleons of the projectile nucleus (PrD), or the target
nucleus (TrD); strings formed in non-diffractive pro-
cesses (Str). The possible interactions between them
are presented in Table 1.

It is obvious that all processes are possible in GS—
GS collisions. In PrD—GS collisions there must be
TrD and ND. By analogy with the interactions of
atoms, there may be transitions of diffraction states to
other diffractive states. However, the excitation spec-
tra of strings with small masses are poorly known.
Therefore, in the process PrD — PrD, we redefine
(resample) the mass of the original system. In the Str—
GS process, it is difficult to imagine that a string or a
nucleon in the ground state can transform to a diffrac-
tive state. The probability of diffraction of the target

Table 1. Possible processes in hadron/string interactions

GS PrD Str
GR PrD, TrD, ND PrD, TrD, ND ND
TrD PrD, TrD, ND PrD, TrD, ND ND
Str ND ND ND
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Fig. 2. (Color online) Rapidity distributions of ©* mesons
with 0.1 GeV/c < pr < 0.2 GeV/c in collisions of 40Ar
nuclei with (a) Al, (b) Cu, (c) Sn, and (d) Pb nuclei at
Ei, = 3.2 AGeV. Circles are the BM@N experimental

data [14] without systematic errors. Solid and dotted lines
are calculations using the new and old Geant4 FTF mod-
els, respectively. Dashed lines are calculations using the

DCM model [15] performed by the collaboration.

nucleon is unlikely. Therefore, we have forbidden such
transitions.

We assume that the relations between the probabil -
ities of the processes listed in each cell of Table 1 are
the same as in free collisions. If any process is missing,
the probabilities of the remaining processes are renor-
malized so that their sum is equal to one.

Table 1 is implemented in the Geant4 FTF pro-
gram. The results of calculations for this (new) version
ofthe program are presented in Fig. 1 by solid lines. As
seen, our results are close to the predictions of the
EPOS model. Calculations using the old version of the
program are shown only in Figs. la and 1f for the
momenta of incident nuclei of 13 and 150 A GeV/c. As
seen, calculations using the old version of the program

significantly underestimate the yields of ©° and m
mesons. Note that the Geant4 FTF model includes
processes of quark exchange between colliding part-
ners (non-vacuum exchanges), which disappear with
increasing energy.

In our calculations, we sampled the impact param-
eter of central collisions of argon and scandium nuclei
with a quadratic measure in the range of 0—2.87 fm.

The most significant hypothesis of the proposed
approach is that only non-diffractive processes are
possible in string interactions. As a result, most nucle-
ons in the final state of central nuclear collisions will
be strings and the multiplicity of produced mesons
observed in central nuclear collisions will be larger
than that predicted by conventional models. The cal-
culations shown in Fig. 1 by solid lines confirm this
conclusion.
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It was completely unexpected for us that the pro-
posed approach gives good results when applied to the
NICA BM@N data on the yields of ©* mesons in col-
lisions of argon nuclei with nuclei at an energy of
3.2 A GeV (see Fig. 2). Difficulties arose only with the

description of the spectra of ©" mesons in the colli-
sions of argon nuclei with carbon nuclei (not shown in
Fig. 2). As shown in experimental work [14], the
PHSD, DCM, and UrQMD models also do not give
satisfactory results for these collisions.

Some problems certainly remain in the proposed
approach. In particular, it underestimates the yield of

K" and K~ mesons in Ar + Sc collisions. Perhaps, this
is the most difficult issue for all theoretical models.
Another problem in our approach is the unsatisfactory
description of the particle distributions on p; in the
collisions of argon nuclei with nuclei at low energies.

CONCLUSIONS

The assumption of different interactions of nucle-
ons participating in diffractive and non-diffractive
collisions with nuclear nucleons and with each other
has allowed us to satisfactorily reproduce the rapidity

distributions of ©" mesons in the collisions of argon
nuclei with various nuclei measured by the
NA61/SHINE and NICA BM@N collaborations.
Thus, the problem of taking into account diffraction,
which remained open in the Geant4 package for more
than 15 years, has been solved.
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