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Abstract Application of the HIJING, EPOS 1.99, UrQMD
and Geant4 FTF models for the analysis of experimental data
by the collaboration is considered. A short description of the
models is given. It is shown that the FTF (FRITIOF) model of
the Geant4 toolkit describes well the NA61/SHINE data on
π− meson rapidity distributions in 40Ar + 45Sc interactions
at

√
sNN = 5.2 and 6.1 GeV. At higher energies,

√
sNN =7.6,

8.8, 11.9 and 16.8 GeV, the model underestimates the data
by 13%, 14%, 14% and 27%, respectively. The model also
describes well the analogous data for 7Be + 9Be interactions
at all energies (

√
sNN = 6.1–16.8 GeV). It is the best model

description among the descriptions of other models consid-
ered by the collaboration.

Recently, the NA61/SHINE collaboration has published
[1] experimental data onπ− meson production in 40Ar + 45Sc
interactions at beam momenta from 13A to 150A GeV/c for
0–5% centralities. The collaboration has compared its results
(rapidity distributions of π− meson, dn/dy) with EPOS [2],
UrQMD [3,4] and HIJING [5,6] model calculations. The
data and the model calculations performed by the collabora-
tion are presented in Fig. 1. As seen, the EPOS and UrQMD
event generators give a satisfactory description of the data
only at the momentum of 150A GeV/c. At lower energies, the
EPOS model overestimates dn/dy for π− mesons at y ∼ 0,
and the UrQMD model underestimates the data. The HIJING
model overestimates the data at all energies. We also added
our Geant4 FTF (Fritiof) model calculations in Fig. 1. Below
we will try to understand the source of the discrepancies
between the models and their nature. Thus, we give a short
description of the models.
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The HIJING (Heavy Ion Jet Interaction Generator) model
combines soft and hard interactions in the eikonal approxima-
tion [5] and uses the LUND string fragmentation algorithm
(JETSET6.2) [7,8] for string hadronization and Pythia 4.8
[9] for simulations of the hard scatterings. The soft nucleon–
nucleon interactions are treated on the basis of the Fritiof
model [10,11]. The properties of the residual nuclei are not
calculated and, correspondently, their fragmentation is not
simulated. A calculation of the residual nucleus properties
was proposed in [12]. The HIJING model has been widely
used for more than 30 years in designing experimental setups
to study nucleus–nucleus interactions at high and super high
energies. Thus, checking its correctness is very important.

The EPOS 1.99 model implements the Gribov–Regge the-
ory for the calculations of cross sections and probabilities of
nucleus–nucleus interactions. Only pomeron exchanges are
taken into account. Non-vacuum reggeon exchanges are not
considered. Thus, there can be a problem in applying the
model at low energies. The VENUS model [13] is used in
the EPOS generator for simulations of string fragmentation
and hard scatterings. As stated in [14] in the application of the
generator to the 7Be + 9Be reactions, “The EPOS generator
includes the fragment coalescence and, therefore, produces
nuclear fragments. The momenta of fragments, as well as
spectator protons and neutrons, were smeared with the Fermi
motion momentum”. The model is very popular in cosmic ray
studies.

The UrQMD (the Ultra-relativistic Quantum Molecular
Dynamics) model [3,4] uses the Glauber approximation tak-
ing into account the particle formation time for calculations
of the interaction probabilities. The simulation of particle
production is done in the framework of the Fritiof model,
enlarged by quark exchange processes, which allows to
extend it to low energies. From our point of view, this exten-
tion is unsuccessful because the pion production in pp inter-
actions at Plab = 20–80 GeV/c is underestimated [15,16].
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Nuclear residuals are not considered in the UrQMD genera-
tor. Only spectator off-shell nucleons are written in the model
output file, of course, with produced mesons and on-shell
baryons. Residual accounting was proposed in [17].

The Geant4 FTF generator is an implementation of the
Fritiof model in the Geant4 framework. The Geant4 package
[18] is a toolkit for the simulation of the particle propagation
in matter. It also allows to estimate the detector response.
Thus, it is used by many experimental groups all over the
world, and especially by all LHC collaborations for design,
calibration and study of their detectors. Since the range of
particle energies varies from low energy radioactive decay
to cosmic ray energies and LHC energies, Geant4 collects
all available knowledge on the particle interaction with the
nuclei, and the appropriate simulation codes and methods.

Two models are implemented in Geant4 for the simulation
of hadronic interactions at high energies – the quark–gluon
string (QGS) model [19–21] and the Fritiof (FTF) model [10,
11]. The QGS model is described in [22]. A short description
of the FTF model is presented below, but more details are
available in the Geant4 Physics Reference Manual [23].

The Fritiof model/generator [11] has been widely applied
for the simulations of hadron–nucleon, hadron–nucleus and
nucleus–nucleus interactions. The model assumes that all
nucleon–nucleon interactions are binary reactions with the
creation of resonances and excited nucleons in the final
states. The spectrum of squared masses of excited nucleons
is a key element of the model. We decided to parameter-
ize the spectrum as a/M2

x + b. a = c/ ln(M2
x,max/M

2
x,min),

b = (1 − c)/(M2
x,max − M2

x,min), where M2
x,min and M2

x,max
are minimal and maximal values allowed by the kinematics of
the reactions. c = 0.55 for non-diffractive interactions. c = 1
for one-vertex diffraction dissociation processes. In actual
calculations, the light-cone minus variable (P− = E − Pz)
is used instead of M2

x . The excited nucleons are considered
as quark–gluon strings, fragmentation of which produces
hadrons. The fragmentation of strings is simulated using
a modified version of the LUND algorithm [7,24] imple-
mented in the Geant4 toolkit.

The Geant4 FTF model considers the diffraction dis-
sociation into high mass states, quark-exchange processes
and non-diffractive interactions. The phenomenological
parametrizations of the corresponding cross sections are
implemented in Geant4 (see details in the Geant4 Physics
Reference Manual [23]). For simulations of nucleus–nucleus
interactions, we apply a simplified Glauber approxima-
tion. The Fermi motion of nuclear nucleons is taken into
account according to the method of Refs. [12,25]. Fine tun-
ing of the FTF model parameters has been done using the
NA61/SHINE data on pp interactions at various energies
[26].

The Glauber approach underestimates the multiplicity of
the fast ejected target nucleons in hadron–nucleus interac-
tions. It is necessary to add the cascading of secondary parti-
cles in the nuclei. We simulate the cascading in the FTF gen-
erator within the Reggeon Theory Inspired Model (RTIM)
[27–29]. The excitation energies of the residual nuclei are
estimated in the wounded nucleon approximation [30]. The
excited residuals evaporate nucleons and produce nuclear
fragments. Thus, the FTF model is the only one of the mod-
els considered which takes into account nuclear fragment
creation.

Particles and nuclear fragments generated by the FTF
model were passed through the residual magnetic field of
the NA61/SHINE setup. The process was not simulated
directly, instead we used so-called “acceptance maps” as it
was proposed by the collaboration [1]. The maps allow one
to determine which particles will reach the Projectile Spec-
tator Detector (PSD), and which of them will be detected
by selected modules of PSD at a given beam energy. A con-
figuration of the modules depends on the energy. The maps
are parts of C++ or ROOT codes for all considered ener-
gies [31]. The code gives “Yes” or “No” for each particle or
nuclear fragment.

PSD measured the energy carried by the “projectile spec-
tators” (EPSD). We determined a forward energy (EF ) of
particles reaching sensitive parts of PSD as a sum of ener-
gies of mesons and gammas, and kinetic energies of baryons
and nuclear fragments. EPSD is affected by energy resolu-
tion, leakage of energy through rear side of PSD, saturation
of photo-diodes’ current and so on. Thus, distributions of
EPSD and EF are very different, though there was a corre-
spondence between low energy parts of the distributions only
for FTF events.

“For data analysis the event selection was based on ∼
5% of collisions with the lowest value of the energy EPSD

measured by a subset of PSD modules” (for 40Ar + 45Sc
interactions) [1]. The same was done for selections of 20%
of the central events in 7Be + 9Be collisions. We reproduced
the selections using calculated EF .

The Geant4 FTF model result for the rapidity distributions
of π− mesons in 40Ar + 45Sc interactions are presented in
Fig. 1 together with the experimental data for 0–5% central-
ities. We used for the event selection the acceptance maps.
In our previous publication [32] we did not do this. As seen
in Fig. 1, we describe quite well the rapidity distributions of
π− mesons at beam momenta of 13A and 19A GeV/c. At
higher momenta, we underestimate the data.1

The HIJING and EPOS model results can be obtained
using the Cosmic Ray Monte Carlo (CRMC) package, which
is freely available [33]. The collaboration used CRMC ver-

1 In the calculations we used Geant4 version 10.7 with minimal changes
that will be included in the next release.
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Fig. 1 Rapidity distributions, dn/dy, of π− mesons for six beam
momenta in 40Ar + 45Sc interactions. The black points are the data
measured by the NA61/SHINE collaboration for 0–5% centralities. The
open points are the values extrapolated by the collaboration into an
unmeasured region. All experimental uncertainties are smaller than the

symbol size. The predictions of the EPOS, UrQMD and HIJING mod-
els obtained by the collaboration [1] are shown by thin solid, long and
short dashed lines, respectively. The FTF model results are shown by
thick solid lines

sion 1.5.3 for the EPOS model. We could not install this
version. Thus, we used version 1.8.0.

CRMC writes to the output file for EPOS calculations the
identifiers and kinematical properties of the produced parti-
cles – gammas, mesons, participating nucleons, �-hyperons
and, sometimes, light nuclear fragments and one or two heavy
fragments of projectile or target remnants. The spectator
nucleons and nuclear fragments are missing in the analo-
gous file for the HIJING model. Thus, the acceptance maps
can be applied for EPOS calculations, and cannot be used for
HIJING events.

It is obvious that the multiplicity of the mesons produced
should be maximal for pure central interactions with the
impact parameter b = 0. The corresponding events can
be generated by CRMC putting “set bminim 0” and “set
bmaxim 0” to the input file of the CRMC parameters (bin
/crmc.param). The calculated distributions of π− mesons in
this case are shown in Fig. 2 for the HIJING model by the long
dashed lines. As seen, our calculations are regularly below
the NA61/SHINE calculations. This leads us to believe that
the collaboration results are not correct.

123



  181 Page 4 of 8 Eur. Phys. J. C           (2022) 82:181 

Fig. 2 Rapidity distributions, dn/dy, of π− mesons in 40Ar + 45Sc
interactions. The black points are the data measured by the
NA61/SHINE collaboration for 0–5% centralities. The open points are
the values extrapolated by the collaboration into an unmeasured region.

The HIJING model calculations presented by the collaboration [1] are
shown by short dashed lines. The dashed lines are our results for b = 0.
The solid lines were obtained for b = 0–1.96 fm

The simplest way to simulate central events is to sam-
ple the impact parameter in the interval [0 – bmax] with a
quadratic measure, where bmax is determined from the rela-
tion π b2

max = c σ in
AB . c in our case is equal to 0.05. σ in

AB
is the inelastic cross section of the 40Ar + 45Sc interactions.
According to Geant4, σ in

AB � 2432 mb, and bmax � 1.96
fm. By entering the appropriate command in bin/crmc.param
– “set bminim 0” and “set bmaxim 1.96”, we have typical
HIJING model results presented in Fig. 2 by solid lines. First
of all, HIJING well reproduces dn/dy of π− mesons at Plab =
13, 19, 30 and 40 A GeV/c. Only results at 19 and 40 A GeV/c
are shown in Fig. 2. At larger energies (75 and 150 A GeV/c),
the model underestimates the data.

In order to check the procedure, we did the same for EPOS
model calculations, and obtained results presented in Fig. 3.
As seen, our results are very close to the collaboration calcu-
lations. Thus, the application of the acceptance maps is not
essential for model calculations.

The most important thing is that we reproduce the ten-
dency observed by the collaboration – the EPOS model
overestimates the data at low energies and is close to
the data at high energies. The difference at low ener-
gies can be explained by imperfect parameterization of the
nucleon–nucleon cross sections, insufficient reduction of the

string multiplicity, or the omission of non-vacuum reggeon
exchanges. These are all very complicated questions. How-
ever, a simple way to improve the agreement at low energies
is to increase the interval of the impact parameter. The results
for the increasing at bmax = 3.1 fm are shown in Fig. 3 by
thick solid lines. It is natural that the results at high energies
are lower in this case. The latest results are very close to our
previous ones published in Ref. [32]. We presented there cal-
culations performed without quark exchange processes, such
as p+ p → n+�++. Thus, we consider the coincidence of
the model results as an indication of the need to improve the
simulation of quark exchange processes in the EPOS model.

Since there was nothing in Ref. [1] about the selection of
central events for the UrQMD model, we applied our sim-
plified method – sampling of the impact parameter in the
range [0–1.96] fm, and approximately reproduced the col-
laboration results. We also observed the above mentioned
trend – the model underestimates the data at low energies,
and is consistent with the data at higher energies. This is
connected with the quality of the description of pp data. In
Fig. 4, we show the rapidity distributions of π− meson in
pp interactions according to the UrQMD model in compari-
son with the NA61/SHINE experimental data [26] and other
model calculations. As seen, the EPOS model describes the
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Fig. 3 Rapidity distributions, dn/dy, of π− mesons. The black points
are the data measured by the NA61/SHINE collaboration for 0–5%
centralities. The open points are the values extrapolated by the col-
laboration into an unmeasured region. The EPOS model calculations

presented by the collaboration [1] and calculated using the acceptance
maps are shown by dashed lines. The thin solid lines were obtained for
b = 0–1.96 fm. The thick solid lines are calculations for bmax = 3.1 fm
which corresponds to the centrality of 0–12%

data very well. The UrQMD model underestimates the data
at low energies. Only at Plab = 158 GeV/c, the model is
in line with the experimental data. The Geant4 FTF model
describes the data well. Only at Plab = 158 GeV/c, the cal-
culated curve is located below the experimental points. The
latter problem can be solved by fine tuning of the quark and
di-quark fragmentation parameters. The work is in progress.

The Geant4 FTF model results for 40Ar + 45Sc interac-
tions have already been presented in Fig. 1. They agree with
the data at Plab ≤ 30A GeV/c, and they underestimate the
data at higher energies. To check whether this is an inter-
nal feature of the model or a peculiarity of the data, we turn
to other reactions. Recently, the NA61/SHINE collaboration
has published [34] experimental data on 7Be + 9Be inter-
actions at Plab = 19, 30, 40, 75 and 150 A GeV/c. They
are shown in Fig. 5 in a comparison with the Geant4 FTF
model and EPOS model calculations. All calculations were
performed taking into account the acceptance maps. As seen,
the FTF model well describes the data without disagreement
at high energies. Thus, we believe that something changes
in the physics in 40Ar + 45Sc interactions at momenta about
19–30 A GeV/c. It is most likely due to creation of the Quark–
Gluon Plasma (QGP). At least, the EPOS_LHC model [35],

which imitates effects of QGP (statistical hadronization +
radial flow + azimuthal asymmetry), gives better results.

The EPOS model overestimates the data at Plab = 150 A
GeV/c in 7Be + 9Be interaction as it was noted in Ref. [34].
The same was found by the collaboration for the predictions
of the UrQMD 3.4, AMPT 1.26, PHSD 4.0 and SMASH
1.6 models (see references in [34]). All these models do not
consider the evaporation and fragmentation of nuclear resid-
uals, which affect the forward energy distributions used for
centrality determinations.

The correspondence between the low energy parts of the
EPSD distributions and EF ones for the 7Be+9Be collisions
was worse in the EPOS model compared with FTF results. To
overcome this problem, we have done our simplified selec-
tion of centrality by sampling the impact parameter in the
range [0–1.92] fm in the EPOS model. The results are shown
in Fig. 5 by short dashed lines. As seen, it does not signif-
icantly improve the EPOS model description of the data at
Plab = 150 A GeV/c. However, this essentially improves the
form of the EPOS distributions at lower energies. The FTF
calculations have been performed taking into account the
acceptance maps. The FTF results for dn/dy are generally
better than the EPOS ones.
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Fig. 4 Rapidity distributions, dn/dy, of π− mesons in pp interactions.
The black points are the data measured by the NA61/SHINE collabora-
tion [26]. The EPOS model calculations are shown by thin solid lines.

The dashed lines are the UrQMD calculations. The thick solid lines are
the Geant4 FTF model calculations

Fig. 5 Rapidity distributions of π+ and π− mesons in 7Be + 9Be
interactions. The points are the data measured by the NA61/SHINE
collaboration [34]. The Geant4 FTF model calculations are shown by

solid lines. The EPOS model predictions are shown by dashed lines.
The short dashed lines are the EPOS calculations for b = 0 – 1.92 fm

Conclusion

1. The Geant4 FTF model calculations are in good agree-
ment with the experimental data of the NA61/SHINE
collaboration on the rapidity distributions of π− mesons
produced in 40Ar + 45Sc interactions at

√
sNN ≤ 8 GeV.

2. At higher energies the FTF model underestimates the
dn/dy distributions of π− mesons. These discrepancies
can be compensated by incorporating the hard processes
and the creation of QGP in the Geant4 FTF model.

3. The FTF model gives the best predictions for π+ and π−
meson rapidity spectra in 7Be + 9Be interactions among
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other models’ predictions considered by the collabora-
tion.

4. The EPOS model should be applied with some caution
due to the problem with the selection of central interac-
tions in the generated events.

5. The latest NA61/SHINE collaboration data are very use-
ful for checking and tuning Monte Carlo models. They
can also improve our understanding of high energy–
nucleus interactions.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: Presented calcu-
lations can be easily reproduced. Thus, there is no need to deposit them
as data.]
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