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TRANSITION IN HEAVY ION COLLISIONS USING A PARTON MODEL

Abstract. Quark gluon plasma (QGP) is a special state of nuclear matter where quarks and gluons behave like free
particles. Recently, a number of investigations of this state with high temperature and/or density have been conducted using
collisions of relativistic and ultra-relativistic heavy nuclei. It is accepted that depending on the temperature and density, 1*
or the 2™ order phase transitions take place in hadron matter during the formation of QGP. Herein, we have modeled heavy
ion collisions using a HIJING Monte-Carlo generator, taking into account the description of the 1 order phase transition as
a probabilistic process. We analyzed the behavior of the fluctuations of the total (N = N, — N ) and resultant (Q = N, — N))
electric charges of the system. Different phases were introduced using the BDMPS (Baier — Dokshitzer — Mueller — Piegne —
Schiff) model of parton energy loss during crossing through a dense nuclear medium.
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MOHTE-KAPJIO MOJAEJTUPOBAHUHE ®A30BOI'O NIEPEXOJA AAPOHBI-KTII
B CTOJIKHOBEHH SIX TSKEJIBIX HOHOB C IOMOIIbIO IAPTOHHOMN MOJIEJIHA

Annortanus. Ksapk-rimoonnas miazma (KI'TT) siBisteTcst ocOOBIM COCTOSTHUEM SIIEPHON MaTepHH, IIPH KOTOPOM KBapKH
1 TIIIOOHBI BeIyT ce0st Kak cBOOOIHBIC YacTHIEL. B HacTosee BpeMst IpOBOAATCS NCCIEOBAHHS ATOTO COCTOSHUS Bellle-
CTBa C BBICOKMMHU TEMIEPaTypoil W/UIH MIOTHOCTHIO C ITOMOIIBIO CTONKHOBEHHH PENSITUBUCTCKUX M yIbTPapeNIsITHBUCT-
CKUX TSKETBIX saep. CauTaercs, 4To aApOHHAast MaTepHs HCIBITHIBAET (B 3aBUCHMOCTH OT TEMIEpaTyphl U IUIOTHOCTH) (a-
30BBII IEPEXOJI TIEPBOTO UM BTOPOro poza npu odpazosannu KI'TI. B nanHoit craThe OBLITN MPOMOACTHPOBAHBI CTOIKHOBE-
HUS TSOKENBIX HOHOB ¢ moMotbsio MonTte-Kapio reaeparopa HIJING ¢ ydyetom onncanus ¢pa3oBoro nepexoja mepBoro pojaa
KaK BEPOSTHOCTHOTO MPOLIECCca U MPOAHATU3UPOBAHO MOBeAeHNUE (QIIyKTyaunui noaHoro (N = N, — N ) 1 pe3yabTHPYIOIIEro
(Q = N, — N) pnekTpu4ecKux 3apsiaoB cucTeMbl. Pasubie Ga3el ObutH 3a1aHbl ¢ oMornbio BDMPS (Baier — Dokshitzer —
Mueller — Piegne — Schiff) Moxenu notepu napTOHHOI SHEPTUH IIPU MTPOXOXKASHHH Yepe3 TIIOTHOE SIIEPHOE BEIIECTBO.

KuroueBble ciioBa: ¢usnka BHICOKUX dHepruii, Monte-Kapio MogenupoBaHue, TsKeable HOHBI, CTOIKHOBEHHUS, (IIyK-
Tyanuu, KBapk-riatooHHas miasma, HIJING, dasossie nepexomst
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Introduction. The search for quark gluon plasma (QGP) has been one of the key targets of high
energy experiments for the last decade. Its existence comes from the asymptotic freedom — the fun-
damental property of QCD. However, since it is hard to theoretically calculate the properties of QCD
matter for finite resultant baryon densities, the burden of finding and determining the order of the QGP
phase transition falls on the experiment. Also, we need observables that are sensitive to the phase transi-
tion (namely, to its order) and can be experimentally measured. In 2005 four international collaborations
announced the results of their measurements and the discovery of QGP (for example, [1]). Still, there
are dozens of yet open questions (strangeness production, order of the phase transition, location of the
critical point etc.). Some of the observables behavior can be explained without implementing QGP or
appear in pp or pA collisions (where the formation of QGP is still an open question) [2—5]. So, to explore
this produced state of QCD matter, different experiments are being conducted (NA61, BES) or planned
(NICA, FAIR). The last two are especially interesting since they are scanning the part of the phase dia-
gram, in which both 1°' and 2" order phase transitions are possible.

One of the experimental observables for the phase transition is fluctuations (for example, critical
opalescence in liquids — the result of the density fluctuations — is a signal for the critical point of the
liquid/gas phase transition). In this paper we will focus on the fluctuations of the electric charge (both
full and resultant). For simulations, we will use the HIJING v.1.411 [6] model, since it operates with mi-
croscopic parameters, and we can implement different phases by, for example, using a parton energy loss
formula from Baier et.al. [7]. Moreover, it is freely accessible (unlike hijing 2.0 and hijing ++).

We will also simulate the first order phase transition as a probabilistic process that depends on the
collision c. m. energy, where fluctuations show nonlinearities or other non-typical behavior in the 50%
probability point. The goal of this paper is to analyze the behavior of the total and resultant electric
charge cumulants in terms of the applied models with respect to kinematic cuts.

The results of this work can be used for describing the experimental data of heavy ion collisions.

1. QCD Phase Diagram. Quantum chromodynamics (QCD) is the theory that describes strong
interaction. According to it, hadrons consist of quarks (3 for baryons, quark-antiquark for mesons).
But unlike Quantum electrodynamics, in which the potential between charged particles decreases
with increasing the distance between them, QCD has a very important feature — asymptotic freedom.
It means that hot/dense matter must be weakly coupled [8]. This feature provides the idea of the new
form of nuclear matter — quark gluon plasma. This is only a high temperature feature (77> 105-200
MeV). At low temperatures, quarks are locked inside hadrons via a basic property of the QCD vacuum —
confinement [9]. So, in the experiment we can observe only hadronic matter.

Figure 1 shows the QCD phase diagram. Each point of the diagram presents a stable thermodynamic
state. The thermodynamic parameters are the temperature and the baryon-chemical potential, which
expresses the net-baryon density of the system. The basic theory, which is used to build such diagrams,
is lattice QCD. It is worth saying that lattice QCD works only in the p, = 0 area. As it can be seen, with
vanishing baryo-chemical potentials lattice QCD predicts a smooth crossover between hadronic matter
and QGP. However, with increasing 1 the sign problem appears, which makes the usage of lattice QCD
impossible. This area of the phase diagram is very important: it contains the 1*' order phase transitions
and critical points. To map the phase diagram, various ;= 0 extrapolation and approximation techniques
are used. So, the precise boundaries of phases are not known experimentally [10].

Therefore, its exploration and clarification falls on experiments, and to be more specific — on
nucleon-nucleon, nucleon-ion, and ion-ion collisions. QGP, for example, is expected to be not produced
in nucleon-nucleon collisions (and nucleon-ion, too). The general evolution of heavy ion collisions is
as follows. Two nuclei in the center-of-mass system look like two Lorentz-contracted ‘pancakes’ with

a longitudinal extent smaller by a factor y ~ /Sy /2 for high energy collisions. After the collision, at

a proper time t=+v¢> —z2 =0 fim/c two nuclei hit. The first processes that occur at this time are hard
ones, involving a large momentum transfer, O > 10 GeV/c. Hard particles (the transverse momenta are
of the order of Q) are born during this stage. After that, the bulk of the partonic constituents begin to
interact. They form a dense medium, which is not in a thermodynamic equilibrium. After that, there are
2 scenarios: the produced partons interact or not (or the interaction is negligible). The second one implies
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Fig. 1. The QCD Phase Diagram
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rapid separation from each other and hadronization (this would be in nucleon-nucleon or nucleon-ion
collisions). The first one implies that there is thermalization and, as a result, quark-gluon plasma, having
a local equilibrium, is produced. As will be seen below, it means that if we know how this stage of
collision goes, we can tell whether QGP is produced or not. After that, the matter becomes less and less
dense, cools to the phase transition temperature, and eventually hadronizes and freezes out [11].

We need to point out, in such experiments we can control 2 parameters: the beam energy (which

is connected to the collision energy in the c.m.s. system, 4/Syy ) and the number of participating nu-
clei (4). Currently, the connection between the experimental parameters and the ones used in the phase
diagram is given by freeze-out parametrization [12].

To find out whether QGP is produced or not, there are lots of observables to look at: elliptic flow, jet
quenching, ratios of particle abundances, strangeness enhancement, etc. Among them, fluctuations are
the experimental observables that are sensitive to the existence of the phase transition and its type and
can provide information about the effective degrees of freedom in a system.

2. Fluctuations and phase transitions. As is pointed out, the phase transition from QGP to hadrons
can be crossover, 1* order or 2" order, depending on the control parameters of the QCD phase diagram.

During the 1* order phase transitions, the new phase can be formed by a spontaneous emergence of
these phase (hadron) nuclei inside the old state (QGP). This emergence arises from the fluctuations of
density, energy, and associated quantities. Depending on the thermodynamic properties and evolution of
the system, the nuclei of the new phase can grow into the new phase or just disappear. In certain cases, it
is possible to have nonperturbative large-amplitude fluctuations before the critical temperature is reached,
which promotes phase mixing [13]. System dynamics will be sensitive to the amount of the phase mixing
at the critical temperature. For the large phase mixing scenario, the transition takes place through the
percolation of the hadronic phase, for the lower — as is shown above. During the 1* order phase transitions
the phases can coexist along the 1* order transition curve, which ends with the critical point.

Summarizing the above statements, we can assume that:

1. The closer the system is to the critical point, the smoother the distribution of the fluctuations of
observables is.
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2. If the phases have the same probability for existence during the 1* order phase transition, the
fluctuations of observables show it.

One of such observables is the fluctuations of conserved quantities (electric charge (), baryon
number (B), and strangeness (S). According to [14] and the cited literature there, to construct the
fluctuation measures, we need to construct the cumulants of quantities distributions with respect to the
linear response relation:

M, =<N,>=VT{, C{=<(@BN,)*>=VT4,

C{ =<(BN,)’ >=VT*4, CI=<@BN4)*>-3(CH* =V, (1)
__ _cf
q (C2q)3/2 ? q (C2q)2 ’

where g = B, O, C, N, are the number of particles carrying the corresponding charge, x? is the suscepti-
bility of the corresponding charge, 8N, = N,—< N, >, K, is the kurtosis, S, is the skewness, V' is the
system (fireball) volume, and T is the system temperature. During the phase transition, C{ has the peak,
and C{ changes the sign.

After that, we construct the following ratios of the cumulants:

G (S e
cfoxf cd @
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Constructing the ratios of the cumulants cancels the volume fluctuations. In this paper, we focus on-
ly on the electric charge cumulants and susceptibilities (¢ = Q).
Now we assume that centrality, required for the 1** order phase transition, is achieved, the phase

equilibrium c.m.s. energy is 120 GeV, and the probability of the transition () versus /Syy has the fol-
lowing distribution:

2
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where («/S nv | 1s the c.m.s. energy in the i-th event, N is the number of events, </Syy > is the binod-
al c.m.s. energyﬁ among all N events, and < x% > characterizes the intensity of the fluctuations that arise
in the system (density, temperature e.t.c) (Fig. 2).

3. Simulation and results. As been said before, the production of QGP depends on the properties of

the medium emerging during heavy ion collisions. If the medium is cold, then there is no QGP produc-
tion at the later stages. In [15] the properties of a QCD medium, such as A, é—f , are calculated and used
in this analysis. The results, obtained in [14], are taken by us with the following simplifications: we ig-
nore the dependence of the parton energy loss i—E(as), and assume that o, = 1/3 for the hot QCD matter

z
and a, = 1/2 for the cold QCD matter, the plasma temperature 7'= 250 MeV, and the length of the QCD
medium L = 10 fm. In further works these simplifications will be removed. Simulations are made in
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Fig. 2. The probability distribution of the 1st order phase transition in event-by-event collisions versus /S yy

Puc. 2. Pacnipeznenenue BeposiTHOCTEH Ga30BOro nepexosa NepBoro poja 1o +/Syy IpH M0cOOBITHHHBIX CTOIKHOBEHHIX

HIJING since this generator allowed us to specify the necessary quantities as free parameters, able to be
calculated with the implied simplified model.

dE
Thus, for the hot QCD matter we have the following parameters: the gluon energy loss r is 6 (the
zZ

energy loss of a quark is half of that in a gluon), and the mean free path A is 1.

For the cold QCD matter the gluon energy loss is 0.4, and the mean free path is 6.

The general simulation features: a and b are the parameters of the symmetric Lund fragmentation
function a = 2.2, b = 0.5 [16], the K factor is taken default (2), the jet quenching is turned on, the ini-
tial and final state radiation is turned on for both cases. Moreover, for the total charge the rapidity cut
is—1 <y<1andp,cutis0<p,<2 GeV/c and only K*, p*, n" are used for the analysis

Firstly, we will explore the total charge N = N, — N_ where N, is the number of positive and neg-
ative charged particles, respectively. Although it is not a conserved quantity, it is still worth to study
its cumulant behavior since it is related to the system entropy and, moreover, its “conservation” is de-
scribed in [17].

The results of the simulations are given in the Figs., where the following designations are used:
Hadron is the simulation with the cold hadron matter parameters, QGP is the simulation with the hot
matter parameters, Gauss is the simulation with respect to the probability distribution (3)). Figure 3
shows the dependence of the mean number of charged particles vs. the collision energy in the c.m.s with
respect to the probability of the phase transition during the collision. In this and the following ones the
hadron probability is 0, the QGP probability is 1 and the Gauss is according to the distribution (4). As
can be seen, there is a linear dependence consistent with the theoretical predictions.

Figure 4 shows the dependence of the cumulant (susceptibilities) ratios vs. the collision energy.
Although the ratios are different for hadron and QGP matter (but linear in both cases), they show non-
linear behavior in the phase equality region. And yet, these results are consistent with the predictions for
the 1* order phase transitions made above.

The fluctuations of the resultant electric charge (Q = N, — N_) are analyzed, but without any kine-
matic cuts and for all charged particles. Figure 5 shows the dependence of the resultant charge cumulant
relations of the c.m.s. collision energy. As can be seen, HIJING with the parameters described above
doesn’t show any changes in the cumulant behavior (since droplets do not produce any additional resul-
tant charge [17]).
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Conclusions. In this paper, we implemented extra fluctuations due to the 1% order phase transition to
QGP using HIJING. To imply different phases, we used partonic jet energy loss and mean path calculations
by Baier et. al. We used a simplified model, as the full model will be implemented later. After the implemen-
tation, we analyzed the fluctuations of the resultant and total electric charge for different probabilities
of the phase transition. Simulations for the total charge were made with the following kinematic cuts:
-1<y<1, 02<pr <2 GeV.

The results are the following:

1. The total charge cumulants behave according to the theoretical expectations.

2. HIJING with the mentioned parameters and the used approach doesn’t reproduce any changes in
the resultant charge cumulants behavior, independently of the type of the produced matter during the
collision.

Thus, this study will proceed in the following directions:

1. Increasing statistics for using further cumulants.

2. Implying the full model for parton energy loss in the medium.

3. Analyzing the cumulants of other conserved quantities (resultant strangeness, net baryon charge)
and the cumulants of total quantities.

4. Comparison with the experimental data with respect to efficiency corrections [14].
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