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Abstract. The paper presents charged hadron invariant spectra obtained in Bi+Bi collisions at
an energy of 9.2 GeV on the basis of simulation performed using the UrQMD hybrid generator
and the MPDroot package. The spectra were analyzed in the framework of statistical and
Blast-Wave models, resulting in the values of temperatures and baryonic chemical potentials
corresponding to the stages of kinetic and chemical freeze-out in Bi+Bi collisions. The results
were discussed in the context of the phase diagram of nuclear matter.
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AHAJIU3 OCOBEHHOCTEMN POXXAEHUSA 3APS)KEHHbIX APOHOB
B CTOJIKHOBEHUAX AOEP BUCMYTA NPU DSHEPTUUN 9,2 TDB
C NMOMOLLbIO MOAEJIU BLAST-WAVE
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Annoranusg. B paborte mpeacTaBieHbl MHBapUaHTHBIE CIEKTPHI MO MOIMEPEYHON Macce IS
3apsKEHHBIX aIpOHOB B CTOJKHOBeHUSX siaep BucMyta (Bi + Bi) mpu sneprum 9,2 I'3B,
MOJIyYeHHbIE ITyTeM MOICIMPOBAHUS C MCIOJb30BaHUMEeM TubpuaHoro reHepatopa UrQMD
u naketa MPDroot. TIpoBeneH aHaju3 CHEKTPOB B paMKax CTaTUCTUYecKoW u Blast-Wave
MOJIeie, B pe3yJibTaTe KOTOPOTO MOJIyYeHbl 3HAYSHMS TEMIIEpaTypPhl 1 0apPUOHHBIX XUMUYECKUX
MMOTEHIINAIOB, COOTBETCTBYIOIINX CTAOUSIM KUHETHMYECKOIO M XMMUYCCKOTO BBIMOpPAKUBAHUS
B ctonkHoBeHUsx Bi + Bi. [NomydyeHHbIe pe3yabTaThbl pacCMOTpPEHBI B KOHTEKCTE (ha30BOit
JUarpaMMbl SIIEPHOM MaTepUu.

KioueBbie clioBa: KBapK-TJII0OOHHAS IIa3Ma, 3apsokeHHbIe agpoHbl, MPD, NICA, ¢a3oBas
JuarpaMma; siaepHasi MaTepust
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The Multi-Purpose Detector (MPD) [lﬂnltsr %%%cg? {nhe two experimental facilities at the NICA

(Nuclotron-based Ion Collider fAcility) [2], the flagship project of the Joint Institute for Nuclear
Research (Dubna, Moscow Region, Russia).

The main objectives of the MPD experiment are to study the boundary of the phase transition
and to find a critical point in the phase diagram of nuclear matter by analyzing particle produc-
tion in heavy ion collisions in the energy range \/S_NN =4—11 GeV [3].

The phase boundary of nuclear matter determines the transition of hadron matter to quark-
gluon plasma (QGP) [4, 5] with an increase in temperature 7" and/or the baryonic chemical
potential p, The formation of the QGP and the corresponding phase transition in nucleus-nu-
cleus collisions were experimentally confirmed at energies exceeding 100 GeV [4—6], which
corresponds to temperatures of about 200 MeV and p, = 10 MeV achieved in the collision.
Nevertheless, study of the rest of the phase diagram and the search for QGP signatures in nuclear
collisions at lower energies (below or around 100 GeV) remain major challenges.

To identify the potential signatures of a phase transition in nucleus-nucleus collisions at NICA
energies, it is necessary to determine the available range of temperature 7" and baryonic chemical
potential p,. The values of T'and p, can be estimated by analyzing the characteristics of charged
hadron production using the statistical model and the Blast-Wave model [7, 8] based on the
approach of relativistic hydrodynamics.

This paper presents the invariant spectra for transverse mass m, measured for charged had-
rons (n*, K*, p, p) in collisions of bismuth nuclei (Bi+Bi) at \/S_NN = 9.2 GeV; these results were
obtained based on simulation data using the UrQMD hybrid generator [9] and the MPDroot
package [1] reproducing the operation of the detector system at the MPD experiment.

Analysis of the obtained spectra is carried out within the framework of the statistical model
and the Blast-Wave model. The results are considered in the context of the phase diagram of
nuclear matter.

Evolution of nucleus-nucleus collisions

The process of evolution of relativistic collisions can be divided into four main stages:

initial stage,

thermalization and collective flow,

chemical freeze-out,

kinetic freeze-out [10].

Initial stage corresponds to primary interaction of colliding nuclei, accompanied by the
exchange of gluons and quarks. This process leads to rapid heating of the system and potential
production of QGP (if the values of T, and p, necessary for the phase transition are reached).

Second stage. As a result of subsequent interactions between the particles, the system is ther-
malized, after which collective flow begins.

Third stage. Chemical freeze-out occurs when the particle system expands to a state where
inelastic reactions altering its composition cease and the final particle ratios are established.

According to the statistical model, after the onset of chemical freeze-out, the antiproton to
proton yield ratio is determined by the value of the baryonic chemical potential p, [11]:

© Jlapuonosa 1. M., bepanukos . A., Kotos /1. O., 2025. U3natens: CankT-IleTepOyprckuit moJuTeXHUIECKUH YHUBEPCUTET
Iletpa Benuxkoro.
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Fourth stage. After chemical freeze-out starts, the particle system continues to expand and
cool. When the mean free path of the particles becomes larger than the size of the system, elastic
collisions stop, fixing the momentum distribution of the particles, which corresponds to the onset
of kinetic freeze-out.

Phenomenological models such as Blast-Wave are used to study the characteristics of kinetic
freeze-out [7, 8]. This model is based on the relativistic hydrodynamic approach and describes the
collective motion of particles in an expanding system.

Blast-Wave model. The basis of the model is that heated matter has a high temperature, dis-
tributed nonuniformly: the temperature in the center of the particle system is higher than at its
periphery, which creates a pressure gradient. According to the equations of hydrodynamics, mat-
ter flows outward from the center, forming a blast wave.

According to the Blast-Wave model, all hadrons are produced from quarks and gluons simul-
taneously, so consequently they acquire the same average velocity of radial flow. In this case, the
expansion of the hadron system is described in terms of relativistic hydrodynamics.

The invariant spectra for the transverse mass m, =+/p, +m_ can be described by the follow-
ing formula within the Blast-Wave model:

dN _ CIR drm, I pysinhp X, p,coshp ’ 2
mydm; T, T,

where C is the normalization constant; B, is the average velocity of radial flow; 7| is the kinetic
freeze-out temperature; R is the maximum radius of the expanding system during the freeze-out
stage; [, K, are the modified Bessel functions; p(r) is the transverse acceleration depending on
the particle coordinate,

p(r)=tanh™'(B,)-7/R.

C, B,» T, are the free parameters of the model.

Measurement procedure

We used simulation data from 15,000,000 Bi+Bi collisions at \/S_NN = 9.2 GeV; the data were
obtained using the MPDroot package [1]. The latter uses the hybrid UrQMD event generator [9]
including a hydrodynamic approach; in addition, MPDroot allows reproducing the response of
the detector subsystems of the MPD experiment via the Geant4 package [12, 13].

Detection of charged hadrons in MPD is carried out by analyzing, firstly, the energy losses of
particles measured in the TPC (Time Projection Chamber), and secondly, the time of flight of
the particles measured by the ToF (Time-of-Flight) detector. The details of the simulation and
the particle detection procedure can be found in [3, 14].

Analysis of characteristics of charged hadron production

Determination of kinetic freeze-out parameters. Fig. 1 shows the invariant m, spectra measured for
charged hadrons at different centrality bins in Bi+Bi collisions at \/S_NN = 9.2 GeV. The lines show
the fit of the obtained spectra by the corresponding function of the Blast-Wave model (see Eq. (2)).

Fitting of the invariant m . spectra of different particles with the Blast-Wave function was car-
ried out in the following ranges.

Charged hadron type Approximation range, GeV
T T iieieeeeeeeeenn, 0.50—1.00
K D, 0.12—1.00
Ko, 0.40—1.00
Do 0.20—1.00
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Fig. 1. Invariant transverse mass spectra measured for n*, K*, p, p particles
at different centrality bins in Bi+Bi collisions at energy \/S_NN = 9.2 GeV.
Fits to the spectra with the corresponding function of the Blast-Wave model (see Eq. (2))
are shown by straight lines

The fitting ranges were chosen so as to achieve the best agreement with the simulation data. It
was found that the difference between the simulation data and the Blast-Wave function did not
exceed 1%.

Since the Blast-Wave function is integral, the free fitting parameters (C, 7|, B,) are sensitive to
variation in the fitting range, the choice of initial parameter values and the constraints imposed
on the parameter values. The impact of these factors was taken into account by estimating the
systematic uncertainties.

For this purpose, the fitting parameters (given below) were varied by £10%. These were the
following conditions:

range bounds;

initial parameter values;

constraints on parameter values.

The final values of systematic uncertainties were determined by the quadrature sum of the per-
centage differences between the final values of the parameters and those obtained under different
fitting conditions.

Fig. 2 shows the final values of the parameters 7, and B obtained by fitting of invariant m,
with the Blast-Wave function for different types of charged hadrons (z*, K*, p, p) depending on
centrality of Bi+Bi collisions. Systematic uncertainties are represented by boxes.

We found that the kinetic freeze-out temperature 7 shows no significant dependence on either
the collision centrality or the type of charged hadrons. The average value of the kinetic freeze-out
temperature 7, = 109 MeV (red dashed line in Fig. 2,a).

85



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3

| >
a) b)
T,y GeV ﬁT
0.30 1.0
0.25F ~am* YT 0.8
« Kt + K~
0.20 *P =P — H
* Global Fit 0.6 Ej‘l
0.15[- £ i
g oa
0.10[" g % ATt A\
02 K *K
0.05 ep =p
* Global Fit

! ! | | | | |
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
centrality, % centrality, %

Fig. 2. Kinetic freeze-out temperature 7| (a) and average velocity B, of radial flow of particle
system (b) depending on centrality of Bi+Bi collisions. The bars correspond to systematic
uncertainty in determining the values of 7 and B,

The average value of 7 = 109 MeV (red horizontal dashed line)

The average velocities B, of radial particle flow show a decreasing trend with a decrease in
the overlap of colliding nuclei (this corresponds to an increase in centrality as a percentage).
Nevertheless, the decrease in B, values in peripheral collisions, compared with the central ones,
is insignificant taking into account systematic uncertainty.

Determination of phase transition parameters. The values of the baryonic chemical potential
and temperature corresponding to the phase transition are estimated by calculating the antiproton
to proton yield ratios (p/p).

The values of (p/p) measured in different centrality bins of Bi+Bi collisions are shown
in Fig. 3,a. Evidently, they do not show a significant dependence on the collision centrality and
the transverse momentum p,. The average value of the ratio (p/p) = 0.025 (shown by a red hori-
zontal red dashed line) was used for further calculations.

According to calculations within the framework of quantum chromodynamics, the phase tran-
sition boundary can be expressed by the following formula [15]:

\3/34

Ty = \/\/3407r (220)" +55u* —154°. 3)

The baryonic chemical potential p can be expressed in terms of temperature and the p/p ratio
by Eq. (1). Thus, the temperature and the baryonic chemical potential corresponding to the phase
transition can be found as the intersection point of the curve expressed by Eq. (3) and the straight
line given by Eq. (1).

The following values of 7, QGP and p, were obtained, corresponding to the phase transition in
Bi+Bi collisions at NICA energies:

T = 131 MeV, p, = 247 MeV.

Visualization of the obtained results on the phase diagram. Fig. 3,6 shows the phase diagram of
nuclear matter. The red line indicates the phase boundary calculated by Eq. (3). The lines cor-
respond to the temperatures in terms of the baryonic chemical potential and the value found for
p/p = 0.025 (see Eq. (2). The purple line in Fig. 3,b expresses the d e endence T(,,p/p), obtained
using the value p/p = 0.025 corresponding to Bi+Bi collisions at = 9.2 GeV.

Using Eq. (2), we additionally calculated the value of the baryomc chemical potential p, cor-
responding to the kinetic freeze-out temperature in Bi+Bi collisions at \/_ 9.2 GeV (the tem-
perature was determined earlier using the Blast-Wave model). The found Value of p, = 205 MeV.

The kinetic freeze-out and phase transition temperatures corresponding to the energy of the
PHENIX experiment (\/_ = 200 GeV) are given for comparison. The dependence 7(p,,p/p) as
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Fig. 3. Antiproton to proton yield ratios p/p as functions of transverse momentum,
measured in different centrality bins (%) of Bi+Bi collisions at \/S_MV = 9.2 GeV (a)
and corresponding phase diagram of nuclear matter
(dependence of temperature on baryonic chemical potential) ()

a straight line (shown in Fig. 3,5 in black) is obtained taking into account the value of p/p = 0.79
measured in the PHENIX experiment at \/S_NN = 200 GeV.

The blue dots in Fig. 3,b mark the values of the temperature and the baryonic chemical poten-
tial of the particle system during a collision at the kinetic freeze-out stage, and the red ones mark
these values at the phase transition stage.

Conclusion

We report on the transverse mass spectra of charged hadrons n*, K*, p, p obtained in sim-
ulations of Bi+Bi collisions at \/S_NN = 9.2 GeV using the hybrid UrQMD generator and the
MPDroot package.

Analyzing the obtained spectra of charged hadrons within the Blast-Wave model, we found the
values of the kinetic freeze-out temperature 7| and the average velocity B, of the particle system’s
radial flow depending on collision centrality.

Calculating the antiproton to proton yield ratios allowed to determine the temperatures 7; and
T oGps @S well as the baryonic chemical potential p, corresponding to the Kinetic freeze-out and
phase transition. The following parameter values were obtained:

T, =109 MeV, p, = 205 MeV for kinetic freeze-out;
Ty = 131 MeV, p, = 247 MeV for phase transition.

The presented results make it possible to estimate the accessible range of values for the tem-
perature 7"and the baryonic chemical potential pi,, which is important for potential signatures of
the phase transition in nucleon-nucleon collisions at NICA energies.
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wKoavt Qyndamenmaivuolx Qusuneckux uccaedosanuii Cankm-Illemepbypeckoeo noaumexnuueckozo
ynueepcumema Ilempa Beauxoeo.
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