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G W N e

Abstract: The transverse momentum distributions of inclusive charged particles in pseudorapidity
bins with a width of 0.2 are reported for a simulation study of PYTHIAS, Sibyll, and EPOS. The models’
predictions are compared with the experimental measurements reported by the CMS experiment
in symmetric pp collisions, allowing the maximum energy for new particle production at /s = 0.9,
2.36, and 7 TeV. While comparing the models’ predictions with the data, we found that the default
module of the PYTHIA model reproduced a good prediction of the data because it tuned the lower
cut-off phase space parameter of the transverse momentum. In the second place, the EPOS model
reproduced predictions that were close to the data, while the Sibyll model reproduced the data in a
narrow region of the pr distributions. In addition to that, the fit of the pr distribution of the data
by the standard distribution function was used to obtain the effective temperature of the hadronic
medium. The effective temperature increased with an increase in the pseudorapidity and had a
more significant value at higher center-of-mass energies, which may indicate a change in the reaction
mechanism or possible formation of a different phase of hadronic matter.

Keywords: effective temperature; transverse momentum distributions; pseudorapidity dependence;
LHC energies

PACS: 12.40.Ee; 24.10.Pa; 13.87.Fh

1. Introduction

In high-energy particle collisions, the transverse momentum spectra and pseudora-
pidity distributions of charged particles account for some of the fundamental physical
quantities and the mechanism of the production of particles [1-4]. In the literature, such and
other similar studies can be found in [5-10]. These studies offer precise measurements of the
production of particles in event generators such as PYTHIA [11,12], Sibyll [13], EPOS [14],
and QGSJET [15]. The models are used to make predictions, such as inExtensive Air Shower
simulations and physics beyond the standard model. Additionally, such analyses are vital
to the understanding of ultra-relativistic heavy-ion collisions for the possible formation of
hot and dense nuclear matter that is called quark gluon plasma [16,17] after passing through
several phases of this nuclear matter. In the present work, we used Sibyll2.3d, EPOS LHC,
and the three available modules of Parton showers in PYTHIA8.307 (Simple shower, Vincia
shower, and Dire shower) and compared them with the experimental measurements. For
simplicity, we will use Pythia, Sibyll, and EPOS throughout this manuscript. The CMS
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collaboration measured the transverse momentum distributions of all charged particles in
small bins of pseudorapidity [18,19]. The transverse momentum was measured from 0.1 to
2 GeV/c, while the range of pseudorapidity used was 0.0 to 2.4 in bins of 0.2. We followed
the same initial conditions in our simulations and compared the models’ predictions with
the experimental measurements at 0.9, 2.36, and 7 TeV [18,19]. A symmetric system of pp
collisions was used for the measurements, which were reproduced in the models at the
above-mentioned center-of-mass energies. A symmetric system has the advantage of al-
lowing the maximum energy to be available for the production of new particles. Therefore,
the asymmetric fixed-target experiments were replaced by symmetric collider experiments.
Although an asymmetric system can be obtained in the colliders by making the colliding
particles’ mass and energy different, a symmetric system has the advantage of producing
an extremely hot and energy-dense medium of the produced particles, which is required in
most heavy-ion collision studies [20].

In addition to the comparison of the models’ predictions with the experimental data,
we analyzed the measurements with a fit procedure. We used the standard distribution
function and extracted the effective temperature from the transverse momentum spectra
for each pseudorapidity bin. We compared the values of the effective temperature at
different values of |#7| and the three different energies. Since the temperature extracted by
the standard distribution has the same meaning as that in the ideal gas model, we used
this distribution to fit the experimental data, and we included the standard distribution
index (S) and chemical potential (). In the standard distribution, the probability density
function depending on p has the following form [21]:

1 dN Ymax
fPT(PT, T)= N% = CPTmT/y coshy

min

-1
X {exp(mTCOS;y‘u> +S} dy,

In this equation, mr is the transverse mass, which is given by

mT: \/PZT—FWI%/

where pr is the transverse momentum, iy is rest mass of the particle, and N is the number
of particles. Ymin and ymax represent the minimum and maximum rapidity, respectively.
The values of the parameter S for bosons and fermions, respectively, are —1 and +1, while
C is a normalization constant, which normalizes the integral of Equation (1) to unity.
Furthermore, the value of u in Equation (1) depends on the particle, in which i shows
the type of particle. The chemical potential (y;) is given by the following: Equation [22-24].

1
pi = =5 Ten In(ki)- @
The ratio of negatively charged particles to the corresponding positively charged
particles is given by k;. In the statistical thermal model, T, is used to represent the chemical
freeze-out temperature [25-28] and can be shown as follows:

T = flim ®
1+ exp[2.60 — In( /snN)/0.45]

In Equation (3), the saturation temperature is Tj;,, = 0.1580 GeV [29]. Similar studies
presenting model predictions with measurements are reported in [30—40]. The rest of the
paper is organized as follows: The introduction section is followed by a section on the
method and formalism (Section 1), where the event generators and the fit function are
briefly described. Section 3 contrasts the model predictions with the experimental data for
comparison, and a detailed discussion is outlined. The results of the fit procedure are also
presented in this section. Finally, a summary and conclusions are given in Section 4.
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2. The Method and Formalism
2.1. PYTHIAS.3

The Pythia MC event generator [41] was used to generate particles at a high energy,
where the color force, which was governed by quantum chromodynamics (QCD), was
dominant. This model was based on the production of multiparticles between collisions at
the fundamental scale. This implies hard interactions between subatomic particles, such
as pp, ep, and ee collisions. This can be used to compare theoretical data or detector
corrections and provide opportunities for further experiments. PYTHIA6, an older version
of PYTHIAS, has an improved version of the combination of the PYTHIAS5, JETSET7, and
SPYTHIA programs. The model can be used for numerous phenomenological problems
in high-energy physics, neutrino physics, and astroparticle and nuclear physics. The
model uses the Lund string mode for particle production and hadronization. The historical
background and primary development of the Pythia and jetset models are given in [42]. The
Pythia model has three main parts. These are the (i) process level, (ii) parton level, (iii) and
hadron level. Resonances with short mean lifetimes and processes with higher transverse
momenta are included in the process level. At high-energy scales, the second process is
perturbatively described with a limited number of particles. The third process includes
the emission of initial and final state particles, where different parton shower models are
used. The last process also includes multiparton interactions, color reconnection, and the
treatment of beam remnants. Finally, an event consists of a partonic structure that includes
jets and the underlying event description. The third level takes care of the confinement of
partons into color singlet systems of hadrons by QCD. In the Pythia model, hadronization
is represented by color strings that fragment into hadrons. From the user’s point of view,
PYTHIAS8.3 is a C++ library. The model offers comprehensive choices for modeling a large
number of physical processes that take place in collider experiments. The model offers
three modules for parton shower simulations. These are the Simple/Default, Vincia, and
Dire showers. i. The Default/Simple parton shower: In Pythia8, this is the default and
the earliest algorithm of parton showers. The origin of this module is the mass-ordered
showers in PYTHIA /JETSET [43-46]. The model combines the evolution of a shower of
initial state interactions and final state interactions with multiparton interactions in one
sequence. The Default shower provides a large selection of matching and merging methods
compared to the Vincia or Dire parton shower models. 2. The Vincia antenna shower is
based on the antenna formalism. This model was first used by the ARTADNE model [47,48].
The Vincia shower implements an interleaved pr-ordered evolution. Vincia shares many
features with ARTADNE in the final state interaction of QCD radiation. The treatment of
the Vincia model is different from the ARIADNE model for initial state reactions. 3. The
Dire parton shower is an alternative parton showering model [49]. The purpose of this
parton shower is to use the modeling of soft-emission effects from dipole showers. The
Dire module aims to combine the dipole shower in an antenna with the parton showers.
This model is described in [50-55].

2.2. Sibyll

Sibyll [13,56,57] is an MC event generator that is based on the Dual Parton Model
and Lund MC fragmentation. Sibyll is a standard event generator in the simulation of
extensive air showers. The design of Sibyll is based on the production of projectiles and
targets. The main focus of the Sibyll model is its use for the development of extensive air
showers. Sibyll2.3d is the latest version of the model. Elements of the Gribov—Regge theory
are represented in the newer version of Sibyll. The DPM is based on quarks and diquarks
that are used by Sibyll. The Sibyll model also makes use of the Minijet [58—-60] and Lund
MC fragmentation models [61,62].

2.3. EPOS

EPOS is a quantum-mechanical energy-conserving model that utilizes a multi-scattering
approach. The model is based on the parton ladder, its splitting, and its off-shell remnants.
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This is an MC event generator that is used for hadronic interactions in which the exchange
of partons between two hadrons for their interaction occurs [63]. There are different ver-
sions of the EPOS model. Before describing the EPOS LHC, we will briefly describe the
EPOS-1.99 version of the model.

2.3.1. EPOS1.99

EPOS is a widely used nuclear and hadronic interaction model. The EPOS-1.61 was
the first version of EPOS, which was also based on the multi-scattering Gribov-Reggi
theory. When used in air shower simulation programs such as CORSIKA [64], the older
version EPOS-1.61 is used to treat low-energy interactions. In the EPOS-1.99 model, the
high-density effects are also considered, leading to a collective effect in the collisions of
heavy nuclei. The parton model introduces gluons and quarks, which interact with the
exchange of gluons. According to this model, there are two parts of the parton ladder.
One is the hard part, which is responsible for the hard scattering of the partons, while the
second part is the soft part, which is parameterized for the Regge pole.

2.3.2. EPOS LHC

The EPOS LHC is a post-LHC model that depends on the scattering of multiple par-
tons in the Grebov—Regge theory. To reproduce experimental data on hadronic interactions,
the EPOS LHC model was tuned to LHC experiments up to /s = 7 TeV [14,65]. Nonlinear
effects are also included in the EPOS LHC models, and they are on the parton level rather
than the hadron level in order to calculate the pomeron-pomeron coupling. The modifica-
tions introduced in the EPOS LHC are the flow parameterization of the thermalized matter
produced at high-density heavy-ion or pp collisions, the core decay, and the formation of
baryons (with, as compared to string fragmentation, the multistrange production being
more important). Below 7 TeV, the model’s two versions have similar predictions, but they
have different results at higher energies. Nonlinear effects are produced in the EPOS LHC
models. Gluon re-scattering, i.e., elastic as well as inelastic, is produced.

3. Results and Discussion

Simulation studies of the transverse momentum spectra of charged particles in small
bins of pseudorapidity in comparison with the experimental data at 0.9, 2.36, and 7 TeV
are presented here. Sibyll, EPOS, and Pythia were used to simulate the experimental data
at the three energies mentioned above. Furthermore, the standard distribution function
was used to fit the experimental data and analyze the hadronic matter produced under
such collisions.

Comparison with the Data

Figure 1 shows the transverse momentum spectra of the charged particles at 0.9 TeV
in pseudorapidity bins with a width of 0.2 from 0.0 to 2.4. From left to right, the plots are
for |#]=0.1,0.2,0.3,....2.3.

Of the three modules of Pythia, only the Simple module reproduced the experimental
data within the experimental uncertainties for |57| = 0.1. At only pr = 0.1 and 0.5 GeV, the
module underpredicted and overpredicted, respectively, by about 20% and 10%. On the
other hand, the Vincia and Dire models underpredicted and overpredicted over the entire
range of pr by up to 50%. The Vinia model had a closer prediction for 0.3 e pr < 0.6 GeV/c.
Between the other two models, the EPOS LHC had a better prediction, as it reproduced the
data at high values of pr. For pr < 1.4 GeV/c, the model underpredicted by about 10%,
and the underprediction was up to 30% at pr = 0.1 GeV/c. At the same time, the Sibyll
model predicted the data for 0.3 < pr < 0.8 GeV/c, but underpredicted otherwise. The ex-
perimental data slightly increased from pr = 0.1 GeV /¢, showing a peak at pr = 0.3 GeV/¢c,
followed by a monotonic decrease in the differential yield of the charged particles. All
models reproduced the same behavior, but exaggerated the peak. The latter is clear from
the ratio plot, which is given at the bottom of each plot. If we scale the models’ predictions



Symmetry 2022, 14, 2401

50f 15

to best match the experimental data, the peak at the value of pr = 0.3 was exaggerated
by all of the models. For || = 0.3, the behavior of models for the pr distribution of the
charged particles was the same as that for |7| = 0.1, but the values were relatively scaled
down. For example, the Pythia—Simple model still had the best prediction over the entire
pr range, but here, it touched the lower ends of the experimental uncertainties at high
values of pr. Furthermore, the model here described the region of a slight bump that was
observed in the previous case. With a further scale-down in the case of EPOS, the model
underpredicted the entire pr range by up to 15%. On the other hand, the Sibyll model’s
prediction was the least affected by the change in |#|, and its predictions were similar to
those before. The model underpredicted the entire pr range, with a closer match around
the bump area. At the same time, the other two modules of Pythia had better predictions
than before and were within the 40% limit, at most. With a further increase in |7|, there
was no significant change in the behavior of the models” predictions; therefore, similar
results to those described for || = 0.1 were produced. We can summarize our finding
about the models’ predictions of the charged particles” pr distributions for different |7|
compared to the experimental data at 0.9 TeV as follows. The Pythia model with the Simple
parton shower module reproduced the data well. For the Pythia module, we tuned the
parameter pTHatMin (a lower cut-off phase space value for the transverse momentum, as
the processes tend to diverge at pr — 0), which was found to scale the prediction. The best
fit of the model with the Simple module was found at pTHatMin = 4.3. We also used the
value of pTHatMin = 4.3 for the Vincia and Dire modules. The predictions of the Sibyll and
EPOS models were also the same in shape, but a different scale factor may have aligned
them with the experimental data. This means that the same results could be obtained by
the other models in the study as well if a proper scaling factor would be used.
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Figure 1. The predictions of Monte-Carlo event generators (Pythia, Sibyll, EPOS) in comparison with
the experimental data for the transverse momentum distributions of all charged particles at 0.9 TeV.
The distributions are presented in bins of pseudorapidity with a width of 0.2 from 0.0 to 2.4. The
markers represent the experimental measurements, while the lines are the model predictions. The
red, green, blue, yellow, and pink colors are used to show the models’ predictions for Pythia—Simple,
Pythia—Vincia, Pythia—Dire, Sibyll, and EPOS, respectively. Each plot’s lower panel is the ratio of
the Monte-Carlo prediction to the data.

Figure 2 shows the simulation predictions resulting from the three modules of Pythia
and the Sibyll and EPOS models compared to the experimental measurements at 2.36 TeV.
The Simple module of Pythia reproduced the experimental data within the experimental
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uncertainties for || = 0.1, except for 0.4 < pr < 0.8, where a bump was observed, and the
model overestimated by about 20%. The Dire model, on the other hand, overpredicted
the data over the entire range of pr by up to 60%, which was higher than in the case of
0.9 TeV. At this energy, Pythia—Vincia, EPOS, and Sibyll reproduced more or less the same
predictions for the pr distribution at || = 0.1. The EPOS model was further scaled down,
which was apparent at the higher pr end after the bump region, while Dire and Sibyll
had better predictions compared to those in the case of lower energy. The latter models
reproduced the data in the bump region, but underpredicted otherwise. The variation in the
behavior of the experimental data with pr, in general, was reproduced by all models; the
models reproduced an increase from the first to the second point, followed by a monotonic
decrease with pr. With ||, there was an insignificant change in the predictions of the
models, but generally, a slight scaling up was observed at higher values of |77|, which was
in contrast to the previous case, where the values were scaled down. It was also clear that
with an increase in |7|, the EPOS, Sibyll, and Pythia—Dire models predicted the data in
a wider range of pr, particularly at the bump of the distributions, which was where the
Pythia—Simple module overestimated.
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Figure 2. Cont.
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Figure 2. The predictions of Monte-Carlo event generators (Pythia, Sibyll, EPOS) in contrast with the
experimental data for the transverse momentum distributions of all charged particles at 2.36 TeV. The
distributions are presented in bins of pseudorapidity with a width of 0.2 from 0.0 to 2.4. The markers
represent the experimental measurements, while the lines are the model predictions, as shown in the
legend of the plot. Each plot’s lower panel is ratio of the Monte-Carlo prediction to the data.

Figure 3 is the same as Figures 1 and 2, but the simulations and data are now at 7 TeV.
Except for the bump region, 0.4 < pr < 0.8, the Simple module of Pythia reproduced the
experimental data within the experimental uncertainties for || = 0.1, where it overestimated
by about 20%. The Dire model overpredicted the data by 40% at maximum,; thus, it offered
better prediction than in the cases of lower energies. In this case, Pythia—Vincia, EPOS, and
Sibyll reproduced the same predictions for pr > 0.7 GeV/c at || = 0.1. For pr < 0.7 GeV /¢,
Pythia—Vincia reproduced the data well, while Sibyll and EPOS underpredicted. With
an increase in the value of |77|, the models’ predictions slightly improved. For example,
for || = 2.3, the Vincia module of Pythia and the EPOS model had closer results to the
data, while the Sibyll model underpredicted for pr < 0.7 GeV/c, though the models had
the same predictions for higher values of pr. Pythia—Simple was still the best among all
and reproduced the data over most of the pr range, except at the bump, where the model
overpredicted, as before.
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Figure 3. Cont.
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Figure 3. The predictions of Monte-Carlo event generators (Pythia, Sibyll, EPOS) in contrast with the
experimental data for the transverse momentum distributions of all charged particles at 7 TeV. The
distributions are presented in bins of pseudorapidity with a width of 0.2 from 0.0 to 2.4. The markers
represent the experimental measurements, while the lines are the models’ predictions, as shown in
the plots’ legends. The lower panel of each plot is the ratio of the data to the Monte-Carlo prediction.

The results of the fitting of the standard distribution with the p7 distributions of
the experimental data are shown in Figure 4 at /s = 0.9, 2.36, and 7 TeV. The curves
show that the fitting function fit the data well. The distributions are presented in bins
of pseudorapidity with a width of 0.2 from 0.0 to 2.4. Here, the markers represent the
experimental measurements at the three energies, while the curves are the results of the
fitting with the standard distribution function given in Equation (1). The fitting procedure
allowed us to extract global parameters of the hadronic matter. In the present case, we
derived the effective temperature of the hadronic matter, which carried information on the
transverse flow velocity and kinetic freeze-out temperature. The behavior of the effective
temperature as a function of the pseudorapidity at the three center-of-mass energies is
given in Figure 5. The effective temperature slowly increased with |#| up to |1| = 0.9 and
sharply after that. Furthermore, the values of the effective temperature increased with the
energy. Furthermore, the increase in temperature with the energy was more prominent at
higher values of |1 than at lower values.
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Figure 4. The results of the fitting procedure with the standard distribution in Equation (1) are
presented for the pr distributions of the experimental data at 0.9, 2.36, and 7 TeV. The distributions
are presented in bins of pseudorapidity with a width of 0.2 from 0.0 to 2.4. Here, the markers represent
the experimental measurements at the three energies, while the lines are the results of the fitting with
the standard distribution function.

The point at which a change in the effective temperature occurred, from a slower
change to quicker increase, showed a possible change in the reaction mechanism and/or
the hadronic matter produced in such collisions. This might be explained in two ways: 1.
The produced hadronic matter changes from baryons being dominant to mesons being
dominant in the hadron phase. 2. The hadronic matter changes into a de-confined phase of
QGP droplets from ordinary nuclear matter.
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Figure 5. The effective temperatures as a function of the particles’ pseudorapidity are presented for
the experimental data. The square, triangle, and circle are used to show the effective temperature
values at 0.9, 2.36, and 7 TeV, respectively.

4. Conclusions

The transverse momentum distributions of inclusive charged particles in small regions
of pseudorapidity in pp collisions at the center-of-mass energies of /s = 0.9. 2.36, and
7 TeV are reported. Three available modules of Pythia for hadron showers, Sibyll, and
EPOS were used to simulate the spectra, and the results thereof were compared with the
measurements from the CMS collaboration. Furthermore, the fit of the pr distribution of
the experimental data according to the standard distribution function was used, and it
fit the data well. The effective temperature of the hadronic matter was extracted for the
experimental data as a function of pseudorapidity at the three center-of-mass energies.
We summarize our findings as follows. The Simple/Default module for the simulation of
parton showers in the Pythia model reproduced good predictions of the data in comparison
with the predictions made with the other parton shower modules and the EPOS and Sibyll
models. We tuned a parameter that limited the lower cut-off phase space of the transverse
momentum during the simulations. The parameter was found to scale the predictions of
the models. We found the best fit for the Simple module and used the same parameter value
for the other two modules of Pythia. Another model with a closer prediction of the data
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was the EPOS model, while the Sibyll model could reproduce the data in a limited region
of the pr distributions. With an increase in the center-of-mass energy, it was observed that,
generally, the predictions of the models improved compared to the predictions at lower
energies.

The effective temperature extracted by the standard distribution function from the
spectra increased with an increase in the pseudorapidity. The parameter had more signifi-
cant values at higher center-of-mass energies.

The point at which a change in the effective temperature occurred, from a slower
change to a quicker increase, showed a possible change in the reaction mechanism and/or
the hadronic matter produced in such collisions. The latter might be due to a change in the
hadron production mechanism and/or a phase transition might occur at the boundary.
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